12 United States Patent

Z.hou et al.

US011085995B2

(10) Patent No.: US 11,085,995 B2
45) Date of Patent: Aug. 10, 2021

(54)

(71)

(72)

(73)

(%)

(21)

(22)

(65)

(1)

(52)

NON-LINEAR SPRINGS TO UNIFY THE
DYNAMIC MOTION OF INDIVIDUAL
ELEMENTS IN A MICRO-MIRROR ARRAY

Applicant: Beijing Voyager Technology Co., Ltd.,
Beijing (CN)

Inventors: Qin Zhou, Mountain View, CA (US);
Youmin Wang, Mountain View, CA
(US)

Assignee: Beijing Voyager Technology Co., Ltd.,
Beijing (CN)

Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 71 days.

Appl. No.: 16/213,995
Filed: Dec. 7, 2018

Prior Publication Data

US 2020/0182976 Al Jun. 11, 2020

26/10 (2013.01);, GO1S 17/10 (2013.01); GOIS
17/89 (2013.01); GOIS 17/931 (2020.01)
(38) Field of Classification Search
CpPC ... GO1S 7/4817; GO1S 17/931; GO1S 17/89;
GO1S 17/10; GO2B 26/085; G02B 26/10;
GO02B 7/1821; G02B 26/0841; G02B
26/105; B81B 3/00; GO8G 1/00; GO1C
19/661; GO1C 19/5691

See application file for complete search history.
(56) References Cited

U.S. PATENT DOCUMENTS

6,526,194 B1* 2/2003 Laor ................ G11B 7/1362

385/18
6,629,461 B2 10/2003 Behin et al.
7,357,874 B2 4/2008 Moflat et al.
9,036,231 B2 5/2015 Zhou
10,048,374 B2 8/2018 Hall et al.
2011/0062110 Al 3/2011 Kumar et al.
2011/0303638 Al 12/2011 Zhang et al.

2015/0217990 Al* 82015 Carminati ............. B81B 3/0043
353/98
2017/0146792 Al* 5/2017 Straub .................. GO02B 26/085

FOREIGN PATENT DOCUMENTS

CN 109154661 1/2019
* cited by examiner

Primary Examiner — Mustak Choudhury

(74) Attorney, Agent, or Firm — Kilpatrick Townsend &
Stockton LLP

(57) ABSTRACT

An array of micro mirrors 1s used to beam steer a laser for
Light Detection and Ranging (LiDAR) applications. The
array of micro mirrors are driven 1n a nonlinear motion to
synchronize motion of the micro mirrors 1n the array.

20 Claims, 15 Drawing Sheets

Int. CL.

G02B 26/08 (2006.01)

G02B 26/10 (2006.01)

GO02B 26/12 (2006.01)

GOLS 7/481 (2006.01)

GO02B 7/182 (2021.01)

GOIS 17/89 (2020.01)

GOIS 17/10 (2020.01)

GOIS 17/931 (2020.01)

U.S. CL

CPC .......... GO01S 7/4817 (2013.01); GO2B 7/1821

(2013.01); GO2B 26/085 (2013.01); GO2B

102~y
confroller

e




US 11,085,995 B2

Sheet 1 of 15

Aug. 10, 2021

U.S. Patent

l Ol




US 11,085,995 B2

Sheet 2 of 15

™
@
L

90¢

 JBJj0ALON

- e W S

Aug. 10, 2021

.........
-I_.l_._'._'l_ll_'__l_".'._
.......

8t

e

U.S. Patent



US 11,085,995 B2

Sheet 3 of 15

Aug. 10, 2021

U.S. Patent

¢ Old

fF— — — — — 7/ /7 7 7

e 026 H2E

L L N L
E EFEEFEFFEFEFrFrFErErFErFErrErFErErFFErEFEFFEFEFEFEFEFERF N EFEFEEFEFFFFEFrFErrrrrrrEr EFEFEEFEFEFEEFEEFEEFEEFEFRFNF EFEEFEFrFFrFEFrErrErrrErrFErrErrFErrE>r ]

N

i
. e IIHlHIHIHIHIHIHIHIHIHIHIHIHIHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

ol S A
EEENF

L .
[ .

EY
FY
L
MM

A
]
-
.
'
-
"
L]
| |
L]
L]
]
N
-
"
-
]
]
A
]
n
B
'
|
A
Y
L

‘2
Y
H-H
.I
*
*.
L |
e
1
o
.'bl i
L
[
iy
N
]
-I
&
*.

|
L
1

-

.‘
. j
:“":
i-;r.
‘ih
N
",
',
. j
4
v
ir".
‘ih
“h
"
-*1
. j
%
t;'.
“i
h
",
.

i
|
N
-
| |
J
=

L ]
.
"
Yo
']
™
M
‘i
N
4
| |
o
' )
x
T n
.
.
Yo
]
"
M
**
N
*a
u_
' r
"
L ]
o
N
“-

|
"'F
4
"
"
'.:._
h*;
.‘l
"vu"-
[ |
",
[ ]
|“_‘.
.
".-":p*
; N
"
'.e__
‘-l'
]
-
"..‘-
[ |
‘.‘il
"‘q
.
M,
R
PR
v
.-
i
'.-el__
o
\-_h
L
‘u‘-
[ ]

Y
|
E
"
.:"u
Y,
l“
‘ﬁ\_
kS
[ ] M .
J"“.-
E
"
=
i*;
l“'
l"\.
kS
[] " . \
iﬁ’
E
u
=,
i.._..
l*‘.
"
[]

wnn
-r:.
o
“
e
'..
1.
L]
..
f
Y
1
|'1
wa
"
.
s
‘.h
L]
‘.
f
Y
&L
I'
.
"
¥
*r
]
"
L]
..
a

|
'._h
L__
."‘l
l“
N
g
L
N
;;13
L__
"'1.‘.
“,
"
y
i
'._h
L__
"‘1...
l“
-.

Lo L e L

o

e e e
Pt
MM
L)
]
L]
"u
L)
- ? "
-
"
v
L]
L)
]
L]
"u
L
L1

)
‘1'!
Y
",
."l-
L,
3
;;__
""l
.
™
.*t
L,
2,
;;,_
‘1'-
N
",
."'l-
:,

e

e,

W MMM MW W W W W M
|
b
v
[ |
H.‘
&
*-l
[ ]
.‘.1
u_
1
i
-,
L ]
"
h“
“-
L |
H.'
[ ]
*y
[ ]
*a
L ]
ul _
'y
-,
'b
"
h‘i
.
L |
q‘#
&
*-i
[ ]
.“1
L ]
o,

MM M M M M M M M M MM

"o

L™

o

:ll!H!H!”!H!H!”!”!H!”!H!H!”!
F'm & & & & & & & 4 & 3 & a & a
Mo N N MMM

e
» ™ » » b » »
B M
o
MR E W M PN
Al
e
o R

G

o
|
-I
[ |
."‘i
[ ]
L |
[ N
™,
o
. !
i
"“r
*'L‘
'-.,,_-
[ |
.h‘i
[ ]
.!‘*
o
“Ee
v
2
‘1;
*'ii
'u.‘__
L |
™,
[ ]
N,
o,
-
r:.

»
™

.!i\!! R N R

LR A R

e e i o i e e
"

,
X
!
A
o
X
!
X
a
A
s
.
o
k.

o
-

i

b

.
i
S i i i i)

| |
|
"y
RN
L
g
L,
¥
.‘ib
*'h
| |
My
i“
t‘r'
]
A
“
l-‘.
*'h
[ |
My
“a
J"".!
]
o
E
,
™

Y
L
"

n'a.nnn'n.'n'a.nnnnnnnna'n.'n'n.nnn'ﬂn'n.n'nn-n-nannn'ﬁ'ﬂ'ﬁnnannnnnnnnnn
f
My
r
11
.
'I
;f
hi.
L
‘.
My
1
|'q
n
"
.
L]
-i.
i‘.
L
| ]
)
v
"L
;f

]

AN M
i

. " Py ey _..p _.-._ - 0] - - Pl rl al _..._ - [ ™ ) Py r __.p _..._ .._ " x . ] : : r Aplialie ) ;
o’ L_r " L n = . - Lr " L n - ] o L_r - L u - . ] ] . . ] L
o e R T B L e I e \ . el w w —

|
L]
-
W o
]
L)
]
L]
"u
L
L
-
i
]
L]
[ ]
L]
L
*
-
W o
1
-
=

i
n
A
N

n
L
*:e
.
Tm
o
"
.
[
b
N
*#
a
*a
v
Ih
T
Ly |
.
s
.
[
b
N
*
4
N
“*a
a_
Ih
=
Tom
!
*u
“I

Y
Y
b

o
.

o N
!

XN X X K K N K MK NN

»
»
b

|
Fu
'
ut
!
i
[ ]
iL_
I
[
.‘i
'-
L |
*,
L]
*
.
-
o
TN
ut
!
3
-
ii_
15
[ ]
.“
-
|
“#
[ ]
L]
)
.
7
o’
el
ut
u
s
-
»
ii_
I
[ ]
b‘h
-"1:_-
[ |

_..l! o
Sl

W
o)
|
-r: \

]
"

[ )

",
v "
]

v
u, i
..“

B
W
N

[ ]

0
J;r. ‘i
T
v
, e
L
[T
L ]

.

-

)
b_h

.
N "n -
.-“-

|
.y "y

[}
"l
1 “
1
Ty
v
, H
.
L ¢
,
L]

.

L ]

w
b..

v
N "
.-‘\-

[ |

"y

[ ]

L™ L™ ™™™
]
]
|, |
‘.'h.
.
"1.‘.
L]
",
',
i
"h
.,
*
‘.
",
',
. .
"
e,
*
‘.
"y

)
!
Y

|

-
r

Y
-
-
-
*

'Y
L
i
-
A
e
r
-
*
-
*
L
M
e

i e
»

F
h ] b ] o
H..F!H..’H..l!
g g e e e

WM M M W W M e W W
FA

o
e
i

B ]
]

)
‘1'!
“
™
) *»
N
;;,:
‘1'!
p
"
‘ *x
..
_ﬂ_ﬁ
;;,:
‘1'-
S
"
‘ *x

»

M A WA W N W N Mo M
.

M M M M W M MM M
R
]

L
e e e e e

L™ L™ ™™
L
e

a2
|
.
e
4
Y
[
*i
[ ]

j L |
u_
1

N
"
"
.
.
“-
1
Yo
"
*a
"
4
| |
o _
1
"
’ [
X
"u
e
1
q‘ﬁ
-
*i
"
.“ L |
| |
)

|
-
L |
“i
L]
.,
-
“‘.-'1',*
e
i
L
.“r
h‘_l.
.‘l
"-u‘-
L |
.'l‘.
i!l*
-
“‘.-'1',*
; N
"
‘-e._
h*;
.'i.
"n"-
[ |
“i
[ ]
“,
.
"":p*
e
i
.

b
e M M

RN RN RN RN
A e e e e e e S el

A

o
o
R
™
e
o
i)
i
il

.
,
B
"

:ﬁl
.
:;1-.
*-

\
.,
",
.‘\

J‘.“.-'
i
:iﬂr.
*l

\
s,
™

‘!
tﬁ’

..*_,T:

WM M

T-.,'

L
™,

1

|'1

i

A

L}
b.-
L’

..
“
EL )
1
I'T
.

"
;J
F..
i..
y
1
|'1
L

"
.

.

|
[ ]
L]
|
-
A
v
]
L]
]
L]
"
L
L]
-
"o
]
L]
[ ]
L}
"
L

- ar L - et F

TR

I"III"I"I"I"I"I"I"I"I"I
_u..u__u_.v_u..u_”u..!u..!u..!u..!u..!u..!?!?!?” E

B ERXERERFE
KK IIIIIIIIIIIII K
LA Hv.unu_.un AN A M

iy

u
oAl

X

L (g e R e e AL R g A A e e A A

h ]
h ]

a

A%

r;iiiii; vateiater Jotetetety oeteleter Oeteteiete

L-¥0€



v Old

m ;1 m Aousnbal) bunioxs
GO L L0 LG L GO0 L ! 006 O

O

06 0

486 0 86 0

:

Mw. ” ! _ _ ! _

US 11,085,995 B2

apmijdwy -

Sheet 4 of 15

(ne)
apnyiduy ¢

Aug. 10, 2021

p .rﬂ
- ...u_
. ”.._“v..._.v
. ”_.__v. L
M, u__v. >
o ”..__v. > ’
g u_“v..._.v. L
o T 2yl
e ol ”..._v.“___v. s

X
T Y
o o A

..........................

T T vty v e ey Mo Mo M M N,

.........

ﬁ . '.-.'.- "

..............................

- p ol A A

T e

Gl el

o el ol

S8

U.S. Patent

4§15



U.S. Patent Aug. 10, 2021 Sheet 5 of 15 US 11,085,995 B2

504

O I e
L N Rl EE o X X X K KX X X X X KX EE o L o EE ko EE ko X E XK KX EE o EE o EE ko EE ko EE ko EE ko EE ko EE ko EE ko EE ko EE ko EE o o o o o
e
ey e e e e e e e e e e e e e N e N e 4-:#:#:#:#:#:4- Pl a-:#:q-:dr:a-:dr:q- X X Jr:#:dr:a-:#:lr:q- X X a-:#:q-:q-:a-:#:lr ol Jr:q-:dr:a-:#:lr:# Pl a-:#:q-:q-:a-:#:lr X X 4-:#:#:#:#:#:4- Pl a-:lr:q-:dr:a-:dr:q- X X 4-*#:#:#:#:#:4- Pl a-*#:q-:q-:a-:dr:q- X X 4-:#:#:#:#:#:4- Pl a-:#:q-:q-:a-:#:lr X X 4-:#:#:#:#:#:4- Pl a-:lr:q-:q-:a-:dr:q- X X 4-:#:#:#:#:#:4- Pl a-:lr:q-:q-:a-:dr:q- X X 4-:#:#:#:#:#:4- Pl a-:lr:q-:q-:a-:dr:q- X X 4-:#:#:#:#:#:4- Pl a-:lr:q-:q-:a-:dr:q- Jr*a-:q-:a-:dr*q-
A o o o o o e
A e e e e e A e e e e
L B N N P B A NN Lttt e ke aat  aEa al aF ke Sk
) )

 ddp
P
PN
o
o
.
o
Eo
o
o
oy
o
Eo
o
o
.
o
o
o
o
.
o
o
o
o
.
o
Eo
o
o
.
o
o
o
o
.
o
o
o
o
.
o
o
o
o
.
o
o
o
o
.
o

I
I
a
I
I
I
I
»
a
I
I
I
I
I
I
I
I

T a-:a-:a-:# Jr:lr:lr:lr:lr:#:lr:lr:# Eal Jr:lr:lr:#:lr:lr ¥
e el
O g e ) o )
L I R N N N M M A N N MMM B
X

iy
PN
P

N N )
PN
P

PN )
PN
P

e e e ey
P
P

NN )
PN
P

e e e e e p
P
)

NN )
PN
iy

e e e ey
PN
P

PN )
PN
P

e e e ey
PN
P

PN )
PN
P

e e e ey
P
)

NN )
PN
iy

e e e ey
PN
P

PN )
PN
P

e e e ey
PN
P

PN )
PN
P

e e e ey
PN
P

PN )
PN
P

e e e ey
PN
P

PN )
PN
P

a»
»
a»
»
a»
a»
a»
I
a»
a»
a»
»
a»
»
a»
»
a»
»
a»
»
a»
a»
a»
»
a»
»
a»
»
a»
»
a»
»
a»
»
a»
»
a»
»
a»
»
a»

X X X
) ) X
)
N e o e L e L e e e e e e e e e L e e e e e e o e e
: :*:*:*: e M MM A A N > > EE R R U E N R kR R kK R e ke Kk Kk e K K b e K Kk E e Kk ke K ke K Xk e R R R e R > ¥
) ) ¥
X )

Fy

F

X

X
A R R R e
X
Fy
X

»
»
X
PN
»
o)
»
»
»
»
»
»
»
»
»
»
»

) )

»
»
»
»
»
»
»
»
»
»

)
a3

M LN ML LN Pty ML M LN ML LN Pl Sl S e ) e

XXX ) L) ) L) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )
L) Ea) L) e L) e L) Ea) L) e L) e L) e L) e L) e L) e L)

e e e e e e e e e e e e e e e e T e e T e e e e e e e e e e e e T T e e o e T e e o e o T e e o e e T e e o T e e o e T e e e T o e o T T T T T e e o e e o e o T e o e o e e e o e e e e e T e e e o o T e e e T o e e e e T e T e e T e e e o e T e e e o e e e o e o e e e e e o e e e e o o T e e e T o e e e e T e e o e o e e e e o e o o e o o e e e e e o e e e

X
EE N F o aF o 0 o aF o 5
L e e e e e af o

i
e )
N )

»
X
PN
»
o)
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
e
X
)
X

X
X
o)
XX
i
i
a0
ey
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

XX
) N )
X

PN
i
i
X
i
i
o)
X

E) E) E) E) E) E) E) E) E) E) E) E) E) E) E) E)

Y
»
I
a»
I
I
a»
a»

oy

a

'y
p

E) E) E) E)

+
¥
»
X
»
X
i
)
X
»
X
»
X
»
¥
»
X
»
X
»
¥
»
X
»
X
»
X
»
X
»
X
»
¥
»
X
»
X
»
¥
»
X
»
X
»
X
»
X
»
X
»
¥
»
X
»
X
»
¥
»
X
»
X
»
¥
»
X
»
X
P
»
o)
»
X
»
¥
»
PN
X
)
X
»
X
»
X
»
¥
»
X
»
X
»

x
F
X

X X KK F) Rl )
F
X
x

a
¥
o
oy
I
iy
P
.y
Foay
a
iy
P
J,
oy
a
a
¥
i
o
iy

XXX o ) )
X X X

Fy
F
X
Fy
F
x g )
X X

F

ayap i
PN
arae i
PN
aya i
PN
arae i
EN)

a
-
a
oy
iy
aydp i
PN
I
-
a
oy
a
ar dp i
PN
a
e
a
o
iy
ayap i
PN
iy
o
a
oy
a
arae i
PN
P
e
R
For
. oy
a
arae i
PN
a
e
a
oy
iy
aya i
PN
iy
-
a
oy
a
arde i
PN
a
e
a
o
iy
ayap i
o

R NN N NN

a

oy
a
arae i
PN
a
e
a

o
iy
aya i
PN
arae i
PN
a
e
a

o
iy
aya i
PN
arae i
PN
aya i
PN
arae i
PN
aa

)
gy
ap
N
)
a3
)
gy
a3
gy
»
a3
N
»
ap
>
»
a3
™
o)
ap
>
»
a3
a3
iy
ap
3y
a3
™
e
a3
)
ap
N
»
a3
a3
™
iy
a3
»
a3
N
»
a3
a3
™
)
a3
a3
™
»
)
™
»
a3
a3
™
o)
a3
™
N
»
a3
™
»
a3
™
»
a3
™
»
a3
N
)
a3
)
N
a3
N
)
a3
)
»
a3
N
»
a3
a3
¥
P
o

a»
»
e
>
a»
»
a»

dpdp p il p e e el
iy
ap
i
™
a3
)
™
a3
i
EN)
ap

a3
¥
a

PN NN NN NN

>

a3
i
 dy
ap
™
ap
e
™
a3
e
™
a3
¥y

a
I
I
ap
I
I
I
ap

PN NN NN )

>

a»
)
a»
a»
a»
a»
a»
a»
a»
a»
a»
a»
a»
a»
»
a»
a»
»
a»
a»
a»
a»
a»
a»
»
a»
a»
»
a»
a»
»
a»
a»
a»
a»
a»
a»
»
a»
a»
a»
a»
a»
a»
a»
»
a»
»
a»
a»
a»
»
a»
»
a»
»
a»
a»
»
a»
»
a»
»
a»
a»
a»
a»
a»
a»
a»
a»
a»
a»
a»
a»
a»
»
a»
a»
»
a»
»

¥ dp
e dedp
p
3 d dp
2
Jp de dpdp
3
3 de dpdp
2
PN
e
Jpde dp o dp e
2
Jp de dpdp
e
X
2
Jp de dpdp
3
E )
2
Jp de dpdp
3
3 de dpdp
2
™
e
P
e
e
2
Ea
2
Y
3
e
e
»a
P
e
e
Ea
2
Y
3
e
P
»a
2
e
e
P
2
e
e
e
P
2
e
e
e
a
e
e
e
e
a
e
e
e
e
2
P
a
e
3 ap dp e
PN
2
EX )
e
PN
2
E )
e
PN
2
E )
e
PN
2
EX )
e
PN
2
E )
e
PN
2
P
a
2
P
e
i

s
o dp el pdp e

PN )
™

I
I
a
I
I
I
I
I
I
I
I
I
I
I
I
.l,
a
I
I
I
I
I
.l,
I
I
.l,
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

ey
g e
T e A NN
X Xk F Nk F X E N E N E Sk E RN EE KRNk E RN E L K
JrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJrJr:JrJrJrJrJrJr

X X K K

A e e e e e
S

i
o
a
o
a
o
a
o
a
e
o
o
e
J,
N
o
J,
N
o
o
a
™

s
kbl

X x
ks

s
kbl

X x
ks

s EaE e F
EaE bl ok af al al
¥ Kk kKX KK
Ea A sy

Cal S )

ERAE Sl St a e
EaEaE b b okl b b af el el
Xk X & Kk E XK N KK

ERESE Sl Sl g
EaEal ol ok af al af ok
X X & K Xk F KKK

Ea ek A
b ot bl )
Xk kKK kKN K kK N E K
e e
E o otk aal af F sl ol )

e
ol kel el )

s
kbl

X x
ks

s
kbl

X x
ks

s
kbl

X x
ks

Ry

Fo)
Fo)
Fo)
Fo)
Fo)
Fo)
Fo)
Fo)
Fo)
Fo)
Fo)

RS kSl el
bt b ol ok af af

A S S
Pl b s aE ol ok aF ok o o
Xk F X E N E X E Sk E Kk E Lk EEE N ENE kN E R EE
o )
E o ok aE ol a Sl aF o aEaE N aE o F O aEa E aF S AT A F At kol o aaF o M et ok S R F 0 aF F S aE E SR aE F SEa aF F ol b aF a b F aFal )

[ T T e A A T A T T O o e T e A e e A e e e e e e e T e e T e e e A e e e e e e e T [ T T A A A A e A e e e A

o
Ea b b sl el )

EE S )
EREaal b af ok o
X R X kKK KK KK

s
b ot bl )

S Sl S
Ea b ot s ol ol ok aF af
X R K K kXN KN RN EE RN KN

ER e Sl St s
o aE kb ol b ok af el el
X X & Kk E XK kKK

Fo)
Fo)
Fo)
Fo)
Fo)
Fo)
Fo)
Fo)

S s
bt 3 ekl ot F ol e )
Xk K N K kKN E kR K
e )
E ok b aF el F ol )

[ T R A A T A e Y

)
gy
)
dp dp el dp e e
N
»
ap
iy
™
»
>
a3
™
a3
»
a3
»
a3
»
™
»
™
a3
™
»

E N N N )
™

iy
 dy
I
PN ]
a»
a»
a»
a»
a»
a»
a»
a»
a»
a»
a»
»
»
a»
a»

a»

a»

»

a»

»

»

a»

a»

a»

a»

a»

a»

a»

»

a»

»

a»

a»

»

a»

a»

»

a»

a»

a»

»

a»

a»

a»

»

a»

»

a»
NN

PN

a»

a»

a»

a»

a»

a»

a»

a»

a»

a»
NN
3y
PN

a»

a»

»

PN

»
PN N
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»

a
N N NN )

PN N NN )

N N N N M N
)

ENN N )

PN N NN )
P

N N N N M N
)

ENN N )

PN N NN )
P

N N NN )
)

ENN N )

PN N NN )
P

N N N N M N
)

ENN N )

PN N NN )
P

N N N N M N
EN)
)

P
gy e ey e e

NN NN N NN
gy e ey e e
gy e ey e dp
oy dp e ey el
oy dp e ey el

J,
oy dp e ey el
) a»

PN N )

EN N NN N
)

N N N )
P

PN N )

EN N NN N
)

N N N )
P

PN N )

PN N NN )
)

P
J,
gy e ey e e
J,

J,
gy e ey e dp
.y

N N )
PN

PN )

PN N NN )
)

ay
PN )

PN N )
)

PN )
PN )
PN )
PN )
PN )
E N )
E N )
E N )
E N )

ay
e
a
¥
o
a
i
n
J,
)
NN NN
™
ap
i
p
i
E )
3 dp dp T g e dp e
¥ [
J,
)
NN NN
¥ [
n
n
n
n
n
n
n
n
n
i
n
i
™
n

Ty I :
E U ol Ul i al il Pl el e b kel el i al a lal a al et bl il ol el il Pl kel il el i U el bl el ol ol bl bl i il bl it et bl et i al aal aa aal abl aal al aal  al alal ata a
r:k:*:#:#:#:#:k:k:k:#k##*kk###kkkkkk*##*kk###kk#k:r:rJr:rarJrJr:r:rJr:r:r:rJrJr:r:rJrJrJrJrJr:r:rJr:r:r:r:rJr:r:rJrJr:r:rJr:r:r:r:r:r:rarJrJr:rJrJr:r:rJrJrJr:r:rJr:r:rJrJr:rJrJr:r:r:rJrJr:r:rJrJr:rJrJr:r:rJr:r:r:rJrJr:r:rJrJr:rJrJr:r:r:r:r:r:r:rJrJr:rJrJr:r:rJr:r:r:r:rJr:r:rJrJr:rJrJr:r:r:r:r:r:r:rJrJr:rJrJr:r:rJrkkkk*kk*kk#kkkkk*kk*kk#k{kkkkkk*kk*kk#k
L i A i A e e i A L e i R e i A e R e e N e R e M
s X ok Kk k k kK
f:#:#:#:#:#:&:lr:#:#*#Jrl'Jr4'Jrl'Jrl'Jr4'Jrl'Jr############l‘###l‘#l‘#l‘#l‘# o
R i i L M i e AL M B e
E o e ot ol Pl ok R S bl Ul bk a e a a)
r:a-:lr*a-*fa-::r:a-:a-:##Jr:rarJrJr:r:rJrJrJr:r:rJr:r:rJr:r:r:r:r:r:r:r:r:r:r:r:r:r:r:r:r:r:r:r:r:r

b aF i al F aF bl S aaF 0 R aE aF Ml aF 3t

A

PN NN NN NN

a
e e e e ey gy
J,
e dp g e e dp Vi e
™

J,
PN N N NN
a
PN
D)
™

PN N N NN
™

a
e e ey dp ey
J,

e dp ap e e e Vi e

™

PN

a
e e e e ey gy
J,
e dp dp e e e i e
™

PN

PN NN NN NN
a
)

™

a
e e e e ey gy
J,
e dp ap e e e Vi e
3 dp dp e e dp dg e ey

.y
PN NN NN
a
PN N N NN )
PN NN NN NN
» -r-

)
PN
™

PN NN NN NN
™

™
PN
PN

™
PN NN N )

e dp e e e

S ap dp T ey e T

S ap g T e g e

NN NN

3 ap g T e e g e

¥ ¥

3 g e el e
a3

NN NN

PN

e el

e

P
™

™

) )

NN N N )
™

3 ap g T e e g e
¥ ¥
3 g e el e
Jdn dp e dp dp e
) )
NN N N )
e el
3 ap g T e e g e
3 g e el e
) )
NN N N )
NN N N )
S ap g T e g e
™

S ap g T e g e
PN ¥
3 g e el e
a3
™
PN
PN

a
PN NN
™

iy
) I
e e ey e ey
¥y
PN
e ¥
P [
3 ap g T e e g e
a
PN NN
¥y
PN
P
¥
n
™

P
p

PN N
» -r- -r-
PN

PN N N )
PN NN NN
e
P N N NN NN )
D)

J,

a

.y
PN N N N

a
PN N N )
PN NN NN )
P N N N NN )
P
PN NN NN )
PN N NN
C )
PN NN NN
P N
PN
D)
PN NN NN )
PN N NN
PN

P
PN )
™

>

¥
X
PN

Ll o e aF o ol el
X E a3kt kN

o
a»
a»
PN
a»
a»
a»
a»
a»
a»
r
»
"

[ RS 3

F'h b h kb kb b kb kb Frk bk Fh bk FE
F kb
LI I I
L I N B )

FIG. 5

el -
1
1

]
]
]
-
-
-
i

B 1 1 1

L

.y
r
SR S

o

NN XX KK KKK

Amplitude~

l'.-'}l
H
[ P ————

e

1:‘.1#1.:1 ]

n
L

i

A mmmimmm
.y :
L

-

Phase *

Amplitude
a.u.

- L W W W W W W CEE WS WS EE LW

L
D
{2
£
-
;

i
i
i
¥ i
i
; ; i
& h ]
s i
J e, !
e, d ] -
.y L. - | [ ]
) . ] .
4 i
] h l
d H I
!
, !
. ; !
i !
, !
. ! q..{' 'i.'?
A} - : w2y
n L o l_
» I
. -.
% i
r i - FErY W : MWW WM i
3 ' '
!
!
» . | i - '_'__‘
- -4 A
! '-.}t.-*
F k- k I
; i < X . l
x !
B AT i
!
]
- L ! L ! ! ! ! 1 Dok

——y
ey

.08 (08380 Q.98 0985 1.005 RE 1.0 1.02 _
exciting frequency w f w

£

0

FIG. 6



U.S. Patent

221

P

2

:H_'H'H'H'H'H'H'H'H'H'H'H'H'H'HT-
L
o x’x’x’x’x’x’x’x’x’x’x’x ¥ a
..

e B P
oK
o

k]

b i ]
IIIII'I'!

X
N M M
o

L ]

oW
]

k]

&l
|

k|

> I

- 1::1:.1::1 -
iy

L ]
L
] .
> o
L

'1:!!!11 i
F R

b ]
1I:H'II H ]
|

X
&l

> o
L ]
o
L ]

i
]

k]

&l
]

k|

X ]

]
|
g
- |

X
b i ]

X7
e ]
&l
1

XX
1I:HIH
a4 3 N

F |
T
]

L
i - -
L ] W

N W
M
-,

k]

-:1
|

k|

L L -

) 1::1::':::1 -
i
* - 4

A m
>
o |
2
.--an

'ixﬂx:i"di"d
o M
L]

*

1I:H'II a

aa s
: | 2

X,
&l
-

M
L ]
o
> A M
L
L |

W
o M

e 'H:H::H:
I.III.I

i
>
> . N
> ]
o,

'ix?dx!i"di"d
R R

b ]
ii:i'IH o
A 3 5 3
L ]

X
&l
L 4

M
L ]
o
L I

i
]

k]

&l
|

k|

L |

o
|
v
-
]

b ]
b i ]

X
W

i

IIHIII
“a K

il'ill “n

L
|
o
1

L

e . ]
e ]
&l

b ]
1I:H'IH o
a3 N3
[ ]

X
&l

> o
L ]
L ]
L ]

i
]
L]

e

b ]
HH
o

|

r

»

'H:H:H:H
I'III.I
"

L ]

N
A
i ]
i

N e
]
-

e . ]
e ]
&l

b ]
1I:H'IH o
|

X
&l

> o
> _ m ]

o ."l

L ]

i
]

k]
&l
|
k|
i

L | L]

'I!i::'d:!i N
IHIIII
L]

L 'H‘
|

-
h

L ]
LA ] .
L |
> o
]

'1:‘?!!:1111!
PR R

b ]
2

X

F
]

IIII

AA A A A A
- l -I-I- l-l I-l

iy i
b e

:- ""1.-""1.-""1.-""1.-""1.-""1.-""

i"'d
'HII
|
- |
|
|
- |
|

b |
5%
]
'E
'E
"d
'E
'E
"d

;n-

P
i

MM
- b ™ - p_4
2 M o

;.l’v’u’u’v’u’v’u’u’u’v’u’u’

e e

r-r.'-r-rrr-r.'-rr.'-

I

I"1’?’\"?’?’?’?’?’\""?‘\'

e e e

111111111111
o e e e e

e e e

o
S

_‘Hx:'d 1 'H‘Z!!!xll!x:!x.
X ] ]
b

e i
XX
-

x
X
)
X

i dp i ]
Vi

:ix:!x:'.':'.':'.':"l

b i, ]
e

Zix:!x:!x:\'.x.

b,
H:tx:lix:lix

HI!HIIHI!HI
e B, ] ) k.

b ]
b ]

1.1:!::11:!!:1:‘:!!:1.‘ 1'
L

L

.txxx:exxx:exxx:txxx:txx
] ] ] "

ip iy dp ]
T

o
L

'Hx"d
"I‘ ]
L

e e e a a

e ]
'E.:'H'E
'H'E

Mo M NN
XX

MM

r;rrvrvrvrvrvrv

k|

b ]
L

L B ]

X X,
S

k]

2
"d

1.-’1.-’v’v’v’v’v’v’v’v’v’v’v’v’

N A M

b ]
X
1

X
o
i

k]
X
]

X
L

u:‘x.u_x:uux_xx_x:uuu_xx_xxuu

v”v’vpv’v"vpvpv w

e

b
"
l!_'::

:-:-

L i
'l"!i

b ]
XX

k]

L

Y
'
XX
XX
X, ¥
XX
o
X, ¥
XX

X
X X,
L i

b ]
XX

k]
1\'.

:u u:‘:u R A A A A A i

;-

'H"E

ol
k]

e ]

|
k]

-]
e . ]

X

k]

I E R R R R R R R R R E R EEERERER)
3 Z1E‘_Zl!E‘Z1E‘_Zl!E‘:1E‘_Z1E‘Zl!E‘_:1E‘Z1E‘_Z1E‘:1;:15‘:!%15‘:15!5‘!515‘

-]
e . ]
2P ]

|
k]

-]
e . ]

|
k]

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.I.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIH

|
dIIHIHIIIHIHIIIHIHIIIHIHIIIHII'_IIIHIHIIIH‘IHIIIHIHIIIHIHIIIHIHIIIIIHIIIHIHIIIHIHIH

N
A A A

-]
e . ]

N
e

e )
o

&l
e . ]
o

M
XX
e

|
k]

X X
X,

X

308

F
e A A ]
1

)
L
i

|
k]

e . ]

|
k]

&l
e . ]

|
k]

e . ]

|
k]

&l
e . ]

k]

!

L |

A A E_ A
.
e

-
X X
X

3
b

ol
s

T R )
_:-tf:{‘:f‘_:{“:ef:c;::t «

-]
e . ]
2P ]

F R
e A . A ]

-]
e . ]

M A N A NN M N F )
A, e

-]
e . ]
o

L X

|
k]

N M
L ]
.

X X
X,

-

2

L
x
L,

L
i

-]
IIHIHIIIHIHIIIHIHIIIH‘IHIIIHIHIIIHIHIIIHIHI

X_]
X
o

b ]
L
T

]
L
b ]
]

o

et
i
S

1I..'--1I,:1I,iI--1I.w-wil--‘l,.'--‘l.r-- PR

XX
X X,
:{:1

Mttt ;
£ x_i:uux_‘xt:u_x b A A
A A

P R E R RN B R RN,
Mo Fv‘v’v‘v’v“v’v‘v’v b

k|

k|

X X,
L A i

e e

P R R R R

e

11111111111
il!’?l! il!’ii! l!’il! il!’?l! il!’il! l!’il! F

Mo N M N N W N N WK N KN

b ]
X
1"

o
rrrrrrrrrrrrrr

XK
-:1:1\:
gl

b ]
XX

k]

X
X X,
Lo

k]

b ]
X
L]

X
i

i 'u"xj‘.u DD N

X
l!

o e e e

’
3
'

Aug. 10, 2021

Sheet 6 of 15

MM M

'H

,1.-""1.-""1.-""1.-"" 2 :- :- :-

'I"I"I"I"I"I"I"I"H'I"I'

! -

AR B B B R M, PR,

‘.rvr1_r‘.rvrvr‘.rvrvrvrvrvr‘.rvrvr‘.rvr e
R
r e
o '.1-:”.
r e
-~
L .,

US 11,085,995 B2

[ F'Il’UFFFT’UFFFT’FFFFT’UFFFT’

k] 2 H
L o ]
b, l' e e l' - "I:"l':‘l':'ll"ll:\l"ll:\l’\l’ll:\l:\l:v:.
ill"ll'il"ll':l"ll';l"l':il'll;lvp d J d ;:;-

i e e a ad  ad
W
.'-‘!.'-‘,rvr‘,rvrvr‘,rvrvr‘,rv:‘!l;!:}

]
I‘!‘I?!.

e
F’F_Hl'rl'vl'rl"l' s ;
'llp'll"ll"ll"ll"ll

A ;
g W )
Prrrrrrrrrrrr
e e e e
'I"'I"Y’Y’T"ﬂ"ﬂ"ﬂ"ﬂ’\"‘l"\"\"‘l‘
)

ettt oS
'll"Ilrﬂ,ﬂ,ﬂ,ﬂ,ﬂ,ﬂ,"’?’l‘rﬂrﬂ’v
» b p p_J b p p_J

; :-"':- o :-’:- " :-"'.

il'il'ill'
e

<¥
N
o

:ll

" n: : i

P o

" e d

i ol -

" o] o

Fai ol -

i ¥ o

o ol -

" e L

i !

" o] o

i b

o .1-:'-"::”.1-: "

Y A W Wl :':':*:':':*:':':*:':':*:':- -
WM R M MM e
r-’r r’r r-’r r-’r r’r r-’r .'--"'I o M M M .

F A, .’F!;:HFH’P
» "HF:!F:!F:!F:!P
e
)

ol Sl S S S
e
-5

'!'I
1

k]

k]
x

oW ]
oW 'H!H!!
EY

]
X
X!
‘:u: 1:1::1
x ‘x' 5 -t"
.

X
i
L

b ]
!"R'
o

o
. ]
o o

X

o
"
rrrrrrrrrrrrrr
LR
;nl

2

>
’:l!
!F!
ll:ll!
!F!
F'!
:.!Fl!
’!
!il!
ll:ll!
!F!
’!l!
:.!Fl!
’!
!il!
?'!
!F!
’!l!
!Fl!
’:l!
!il!
?'!
!F!
F'!
:.!Fl!

.,
”ll
A
!F!
F'!
:.!Fl!
’!
!il!
ll:ll!
!F!
F'!
:.!Fl!
’!
!il!
?'!
!F!
’!l!
!Fl!
’!
!il!
?'!
!F!
F'!
:.!Fl!
’:l!
!F!
?'!
!F!
F'!
:.!Fl!
’!
!il!
ll:ll!
!F!
F'!
:.!Fl!
’!
!il!
?'!
!F!
ii'!
:.!Fl!
’!
!il!
?'!
!F!
F'!
!Fl!
’:l!
!il!
?'!
!F!
F'!
:.!Fl!
’!
!il!
?'!
!F!

L)

M M A
L . MM :- M
R s
e e ¥ r’r'r’r'r’r r’r'r’r'r’
T - ¥ i-' r!r!r:'! 'rvrvr'r"rvr'
e e S a L,
L L » K o™ :i-r:v:rr:v

aad L

E
EY
EY
E
EY
EY
E
EY
EY

b,

)

x

L~ k. d ] ~

b, ]

F
)

k]

3 2
- o

b, ]

E
p
;il
a
e

x

.

k]

) k.
R !

b, ]

>
H

x

Y
FY
FY
i
;-

r r o
:i- .'-I "
Moo e

1: x:‘x_ X x

i .'
e e Mo, a i

i 2
A

b ™ MM ™ b b
aim i r’rr’rrrr’rr’rr’ r’

e

p_J »
ol > '-"

o

rr-r-’rrrr’r-

'!

'I

"I'"I' p_4 p_4 o p_4 o o p_4 o ™ » b ™ » b ™ p_4 ™ » b 'I"I"I"I"I"I"I"I"I"I"I"I'
:- :-P ot e e P P P:- r’r'r:r e e e r’r'r:r :-::-__ R r::-

T N N R Ly
’F ”P :H_'H'H'H'H'H'H'H 'H'H'H'H"HF'H'H'H'H'H'H'H

o W

FIG. [

'

'I"I"I"I"I"I"I'I"I"I"I"I"I"I"I'

X
X
X g
»
X

";..g”;.- ::’ :-:_ L :-:_ S a:!::!::! !n!n!n!n!n? N F ’r

e et e el

-;'1':#-?'I ;;P al-';'l E al-';'l E rpr"r”r s ”:- Hr Pr"r’r‘r’r" i Pr e

S M M M M vr'r'r‘r'r'r‘r'r F il-"il-'"r'r'il-'vr'r'il-"!r:'r'il-'vr'r'r‘r'r'r‘r'r'r‘r'r'r e e A vr'r'r%'r'r‘r'r'r‘r'r'r‘r i il-' T
e ;l":i';v;l':i':i';l':i'rrr’r‘r’rrrrrrrrrrrrrr’r‘r’r‘r’; r'r’rvr’r"r’rrrrrrrrrr’ ’:i":i"r r’rrr‘r’ 1.-_
'Il'll'll'll'll'll'll'll'l"ll'Il'll'll'll'll'll'll'll'll'll'II'II'll'll'll'Il'll'll'll'll'll'll'H'II'H'II'II'II'H'II'H'H'II'H'H'II'H'II'II'H'H'II'H'H'II'H 'Il'll'II'II'll'll'll'H'll'Il'H'll'Il'H'll'Il'H'Il'Il'Il'll'Il'H'll'Il'H'll
: :’:__:’:-_':-’r_':’:-_':’:-_':-’:-_':-’:-__:’:-_'a-’:_':’:__:’:_':’:_'r’:-__:-’:-_':-’r_':-’:_':’:_':’:'r’r__r’r_'r’r'r’r__r’r'r e r‘r’:':’:':’ _'P’:_':’:__:r:':’:'r’:__r’r'r’r'r’r

W W :I!'II'II'II'II'II'II'II WO M W W M WO W W M W WO W W M W W

:.1-:::::.1-::? ] ’1.-:;-:1.-:;.-:1.-:;-:1.-"';-:1.-"';.:"'1.-"’g”1.-”g:1.-:;.-:1.-:;-:1.-“';-"'1.-’p’v’p’v’p"’v”p’v’p’v”p"’v o 1.-"';-"1.-:;- i Prvrrr‘.r?rvxpnvrpr‘.r A .:.1-::r:1-':P:v:r:v’r:v’r"v”n!v’r’v

-"r'rvr' T T 2 e e e ; 'r!rvrvr'rvrvr'

e e "l"l"l"l"l"l i

P AAAA A ey | lilll

A N-n Am A Am A

" * N
B T .-F"t- l‘l ."1-
1 Ay e Yy Ty R
. -Tu " r "
i . x Y N
. ":‘1- l?‘l- "'- .‘.l '."i-
. T “ - .
T e My My
Ak vy
T,
e T T
1y I - 4 4
-4 Va L - h ‘_‘
'l .| L | .
o _n o Ay 1*
B L
e T T T TRy
e R |
L g N | [ L]
L S | "u"'_‘, T L.
o P R Ty T,
Il- v 5
o £t
Ir'. .'Lr l'. |-.-|
L L ‘e
b Fr oy
v twe el 'u"_..
(% "h.:- T Tt
et g -‘._
. * .. -
SR
“\'l- "i.;.- T
L] . . ...
"l‘ . "1.. I'1..-_ 'S
. ‘... “.,.'.. h.,'..
"1.._ "1._ I'1.._ "
“'l I|I~"I- ‘1'! “! h";r'
!.". I|l"'ll- I|l"ll- -"ql ."! L
-
e, "-.,i M
w = -
¥ T - » ¥
-
-t‘ti .l“'t Il“'- I“I"a- ‘H'r
"-‘_ "r‘ "'t-. 'H-‘ "1-' -
- UYL '\1.‘
ay v, .
a n 0w
M - '« "
T, B N,
"-‘_ "-. "t-.
Y :
o, -'-‘ h'i‘ q."
-.;‘ " »
" '_‘q.-. ll'."a-
_i-* ‘.. ‘-.
*y .
- -‘.l hl ':.‘lll
A, .
a
A
A, i
o,
W, Tl
oy
-
!
.y
wa vl




US 11,085,995 B2

Sheet 7 of 15

Aug. 10, 2021

U.S. Patent

ar & Jr
E I I 1

E I
& b

2

o0 B

LY

704-2

B

A K N M N NN

NI
A A A A
N
N
Mo M M N N N N
N N
N N
A A
N
E A A
MM M N N N N N
AN MM KN AN
N N
LA A N NN A
N
N
Mo M M N N N N
N N
N N
A A
N
AN KON M N NN
E A B A A
N N R
N N
E A A A
A N
N
Mo M M N N N N
N N
N N
LI,
LA A N NN A
N
N
Mo M M N N N N
N N
N N
o e o
HHHHHHHHHHHHHHH
N N
LA A N NN A
N
N
Mo M M N N N N
N N
N N
A A
A A A AN
HHFHHHPHHH”HHH“H
A
HHPHRHPHHHPHHH’.H

]
Y
H
FY
M
FY
F
H’H

AR
E "

E
N

..;.
AN M y
o -
A K KK KK N
MM MM N NN N
E N N
N
MM M N N M N N
AN
E N N
I
HHHHHHHHHHHHHHHH
HH .HRHHHHH .HHH k]
NI
E A
HHHHRHHHHHHHHHHH
R P R
A K KK KK N
SN
MM MM N M N
L N
= N
MM M NN M N N
N
A K KK KK N
HHH.HHHHH”HH.HHHH.H
A MM N MM N
E N N
I
N
MM M N N M N N
E N N
A K KK KK K
A MM N MM N
E N N
I
Y
MM M N N M N N
E N N
N
i a
N NN NN
R K KN KN K
A A A AN
HHFHHHPHHHFHHH’.H

L
r

r
L]
r

r
O T e
" " r r

r

& A
&
o

rFir

L]
[
LI
L L]
ki
L
k
L

L
L

704-1

L L
Fk
r

F

Frrrrrrr

r

h b & &
L I )
b Wk o h N
r & bk ok
b bk bk ok

Ir

L
L
r

L]
L]
[

rr b*b F ki
[
L)
]

e
N
e
r
L
r
L
r

r

E N B N )

b b h b ok
L]

A kb ks uE

F
r
r
F e ke
F

r
F
r
rF

L]

[
btbbbbbb

[

L]

[

L]

r
L

I
r
L4
"

F kb k ki
Ly
r

r

b b ok
b k&

&
&
L]
&
&

F
F
F rr

FFFr

r
r

I

A Rl o oale M o G A Al o e

o

LN

ki Sy iy iy o Wl W ok e Sy iy i O W W ok A

AA A A A A A A A A

"

R R R R B RS
A o o e oo o e o o o e o o o o e e o e o e o !
U I N
A o I I
Ao o a aea ad a o e e o e o e oo o o e e o e o e
I I )
I
A A A e e A A e A A A A A A A A A
U I I N i
)
Ao e e oo e e e e e e  a aa e ad ae adae a ae a a
A I o A o o
A e e
A o o e oo o e o o o e o o o o e e o e o e o !
U I N
A o I I
Ao o a aea ad a o e e o e o e oo o o e e o e o e
I I )
I
A A A e e A A e A A A A A A A A A
U I I N i
)
oA e e e e e e oo e aa ae aad aea a ae a ea

B A o o A I
L I A A e e

e o o oo o e e o e o e e e o e o e o e o e e !
o e ad o ad  ae aeaa ae  a dae  a da ae a aea a a e a

= T a aa  a aaaa aa aaea a aa aea a aaae a a aa aa a  a

o o e o e e o e o e o o e oo o oo e o e o e e o e o e e
I I )
o o o e o e o o o o e
A A A A e A A A A A A A A e e
N I i i
o o o a ad o ad a a a ae aa aa aa a a  a ado ad a a  a
N
A I A o A o o N N
L I A e e

= e o o o o e e o e o e e o oo o e o e o e e o !

o e ad o ad  ae aeaa ae  a dae  a da ae a aea a a e a
P e

-
]
W

B A A N A A A

R B N A N N R A R

) nHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

B A A N N N A N A )

R B N A N N R A R

L N

L A A )

RN R R

L N N R

o e ad o ad  ae aeaa ae  a dae  a da ae a aea a a e a

s M N M N MM M M M M AN M N MM NN M M M M KN MM MM NN M N NN KN KN NN

L N N R

B A A N N N A N A )

R B N A N N R A R

L N

L A A )

RN R R

L N N R

o e ad o ad  ae aeaa ae  a dae  a da ae a aea a a e a

s M N M N MM M M M M AN M N MM NN M M M M KN MM MM NN M N NN KN KN NN

L N N R

B A A N N N A N A )

R B N A N N R A R

L N

L A A )

RN R R

L N N R

o e ad o ad  ae aeaa ae  a dae  a da ae a aea a a e a

s M N M N MM M M M M AN M N MM NN M M M M KN MM MM NN M N NN KN KN NN

L N N R

) o o o A o o R R R R R R B e pe e e pe o

_nHHF..ﬂHHr.unHHFHHHr...ﬂHHr.HH..ﬂPHHHF..ﬂHHr.unRHFHHHr.HHHr.HHHPHHHFHHHr.HHHFHHHFHHHFHHHFHHHFHHHFU

L A A )

R A A i
LA N N S

AW W Y W W YW W WY WY YWY YWY YWY Y YW VYWY YWY YW WYY W YWY VT

YT YT L L L

YT T L L L L L T L L YY",

704

908

904

FIG. 9



U.S. Patent Aug. 10, 2021 Sheet 8 of 15 US 11,085,995 B2

PO - [ ; ; ; : ; | n "
150 |- -
1RD -
176 |-
'? ,E; {;'r - - a A o . “li
150 i
1A4G 1 = 3 "
. i : E
N S R ___:
.? St %E %’ -,-E
120
: s E .
146 |- + Amplitude
Phase 100 | 5 (ad)
deg. GOV - 3 R
B - L .
_ 4o
P -
A0 - -~
) Phase s
"-;':ﬂ - :“:: e A K WM T et ¥ B s e TR WS SNSRI ""._1!.._ ::__:-:1!:-:;:'.:-:'.':.' -,-:_ i WL .I__'.-'-:_.'- ¥ Y ___E
Fottotn . T S
J— e o i
: {:r . e "':
ig b | 3
~l | i | ; : 1 1 | A
LA o

88 0.835 028 0.995 1 1.005 1.07 1.018 1.02 1.025
Exciting Frequency

FIG. 10

+*&:1:&:#:&:1:#:&:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-*4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-*4-:4-:4-*4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-:4-*4-*4-:1:&:&:&:#:&:&:1:&:n:&:a
TR K K K R K K K K R R R Rk R R K R R R K K R E R R KR R KR R KR R R R R E KRR KR R R KRR
¥ ¥

A
o
iy

¥
¥ F) ¥

R,

+ Jr*Jr*Jr*Jr*Jr*Jr*Jr*Jr*4-*Jr*Jr*Jr*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*Jr*Jr*Jr*4-*Jr*Jr*Jr*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*Jr*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*Jr*Jr*Jr*4-*Jr*Jr*Jr*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*Jr*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*Jr*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*4-*Jr:Jr*4-:Jr*Jr*Jr:Jr:Jr:4-*Jr*Jr*4-*Jr*Jr*&:&*#*&*#*ar*&*&*fﬂ# e e e e e e e e

¥ X x X ¥

¥

FUat g

Xk i e e ) ) ) X Xk

+ *“'*“'*“'*"'*“'*“'*“'*“'4.“'*"'*“'*“'*"'*“'4.“'*“'*“'4.“'*"'*“'*“'*“'*“'4.“'*“'*“'*“'*"'*“'4.“'*“'*“'4.“'*"'*“'*“'*"'*“'4.“'*“'*“'4.“'*"'*“'*“'*“'*“'4.“'*“'*“'*“'*"'*“'4.“'*“'*“'4.“'*"'*“'*“'*“'*“'4.“'*“'*“'4.“'*"'*“'4.“'*“'*“'4.“'*“'*“'*“'*“'*“'4.“'*“'*“'4.“'*"'*‘"4.“'*‘"*‘"4.“'*‘"*‘"4.“'*‘"*‘"4.:* e e

X

e A A Ea ) XK N X X oK ur Xk ) X Kk K K

Iy
F
™
Fy
PEEEEER R EE LN EE XN EEEE LR LTRSS EEEEEEEE NN E LR LN XS R LYY EEEEEEERE N YRS

x

Iy

F

+
o
a»
a»
I
a»
a»
a»
a»
a»
»
a»
a»
a»
a»
a»
»
a»
a»
a»
a»
a»
I
a»
a»
»
a»
a»
I
a»
a»
»
a»
a»
»
a»
a»
a»
a»
a»
»
a»
a»
a»
a»
a»
»
a»
a»
»
a»
a»
I
a»
a»
»
a»
a»
»
a»
a»
»
a»
a»
»
a»
a»
a»
a»
a»
»
a»
a»
»
a»
a»
I
a»
a»
»
a»
a»
»
a»
a»
»
a»
a»
»
a»
a»
a»
a»
a»
»
a»
a»
»
a»
a»
»
a»
a»
»
a»
a»
»
a»
a»
»

4-:#Jr4-:#Jr4-#*4-&*4-:##4-:#*4-#*4-&*4-##*

xox
X ¥ x
¥ X P ¥

x x L) x

x X ¥ x

) x ) ¥

o T T x T o

L R N A e N A At S SN N S e ) X X ¥ X ¥ E )

¥ X P ¥

x L) x

X ¥ x

x ) ¥

¥ xox x

X ¥ x

P ¥

L)

X

X X Pl Xy
P e e e e e e e e e e e e e e e e e e e e e e ) X Y
X X

X X K X

A

X X K X

P

i

el )

X X K X

¥ A
*;*#*###A-JrJrJrarJr4-#*4-#JrJrarJr4-*JrJrarJr4-*#4-*JrJrarJr4-##4-#JrJrJrJr4-*JrararJr4-*#q-JrJrJrJrJr4-*#4-#Jrq-JrJr4-#*##Jr4-*Jr4-*Jrq-JrJr4-*#4-#Jr4-*:*4-#:##*Jr4-*Jr4-*Jrq-JrJr4-*#q-JrJrq-JrJr4-##4-*Jrq-Jr#4-**4-**4-*#:4-:*;:*****#*

¥ i

el )

X X K X

A

X X K X

P

i

el )

A

) X e e e s ) X Xk

L g a  a a  a a a  a  a a a  a a a  a a  a a a  a  aal a  al  aa a  al  a a a al a aa

X

o ol A Sl A S x o A X oK ur Xk ) X Kk K K

+ &

X X
N N N N N NN B NN N D D DN N D e DM NN NN N NS N
X

X

¥ A A A A A A A ) x

X
X
X
X
X
f########**####*##*#####**####4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘l‘l‘4‘4‘4‘4‘4‘4‘4‘l‘l‘4‘4‘4‘4‘l‘l‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘l‘l‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘l‘l‘4‘l‘l‘4‘l‘l‘4‘4‘4‘4‘4‘4‘4‘4‘4‘4‘*##*##*##*:*#*##**#*##*##**#*##*
X
X
X
¥ Pl
X

¥
ok s
X X X ¥
Ea ) ¥
E ) s
Xk ¥
¥ K X ¥
e P ) Ea A A ) ok ke ok ko ko ¥ ox X ok koK
X X X ¥
Ea ) ¥
E ) s
Xk ¥
¥ K X ¥
ok s
¥

)

F3
¥
F3
X
F3
f#####1##*##1##*##*##1##*##1##l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘*##*##*##*##*##:*##*##*##*##*##*
¥
F3
X
F3
¥

Eal
EaE bt ol o

g  a  a a  a E a  a  a a  E a F F U l a  a  a a F  a a

e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e Y S Jr*Jr*4-:Jr:Jr*Jr:Jr*Jr*4-*Jr*Jr"4-*Jr*Jr*4-*Jr*Jr*4-*Jr*Jr*4-*Jr*dr*q-*lr*ﬂq-*#*fq-*fﬂq- e e e e e e e e e e e S N Y

¥

™

X

) ) ¥ A
¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ X Lt bk aE ol F Sl o F ol it ak aE M R aF F ol al aF e b aF ) ol o

+ ***:;**:*:;:*:*:4-**:*:;:*:*:4-**:*:4-:*:*:;**:*:4-:*:*:;**:*:4-:*:*:4-**:*:;:*:*:4-**:*:4-:*:*:;**:*:4-:*:*:;**:*:4-:*:*:4-**:*:;:*:*:4-**:*:4-:*:*:4-**:*:4-:*:*:;**:*:4-:*:*:4-**:*:4-:*:*:4-**:*:4-:*:*:4-:*:*:4-**:*:;:*:*:4-:*:*:4-:*:*:4-:*:*:4-:*:*:4-:*:*:4-:*:*:4-:*:*:4-:*:*:4-:*:*:4-:*:*:4-:*:*:4-;:* E Jr:ar*q-;r;r*a
PEEEEER R EE LN EE XN EEEE LR LTRSS EEEEEEEE NN E LR LN XS R LYY EEEEEEERE N YRS
+l&.4r-4r.4r-4rﬂﬂﬂﬂﬂﬂiarlariarlq-larrariq-.#-#.;lar.;iq-.&'&_arlar_arlq-iarrariq-lariarlarlariariq-.&ﬂ_a-lar_arlar.Jr'ar_a-larrariar.ar-&-q-lﬂar-q-lar-;l:rﬂﬂ_a-ﬂﬂﬂﬂﬂra-larrar-q-.Jr.&-arlarrariq-larﬂ-q-.&ﬂra-larrar-q-.&'&_4-'*.#-4-.*.&-4-'&';larlar.Jr-4-.:‘:‘:‘:‘:‘:‘:‘:‘:‘:‘:‘:‘:‘:‘:‘:‘:‘:‘:‘:-4-.&'_#_4-'&rar-q-.&'_&_a-lﬂar-q-.ﬂ&ﬂ EBE AL A 0k B Al S 8t

¥
"'-h:-h
a»
o
»

»

>

a»

»

I

»

»

>

a»

»

I

I

™

¥y
o
i

PN

™

¥y
N
i

iy

™

¥y
oy
i

P

™

¥y
N
J,

PN

™

¥y
oy
i

¥y

™

¥y
N
J,

PN

™

¥y
o
i

¥y

™

¥y
N
i

e

™

¥y
o
i

PN

™

¥y
N
i

iy

™

¥y
oy
i

PN

™

¥y
N
J,

PN

™

¥y
oy
i

¥y

™

¥y
N
J,

PN

™

¥y
o
i

¥y

™

¥y
N
J,

PN

™

¥y
o
i

PN

™

¥y
N
i

iy

™

¥y
o
i

PN

™

¥y
N
J,

PN

™

¥y
oy
i

P

™

¥y
N
J,

PN

™

¥y
o
i

¥y

™

¥y
N
J,

PN

™

¥y
o
i

PN

™

¥y
N
i

e

™

¥y
o
i

PN

™

¥y
N
J,

PN

a»
»
¥

»
X
X

.,
¥y
ap
¥y
i

' dy
ap
PN
iy
a3
)
™
ap
ay

»
a»
a»
iy
>
a»
»
I

'y
o
.
.
oy
oy
.
.
oy
oy
.
.
.
oy
.
.
™
S
™
¥y
Xy
PN
¥y
iy
PN
¥y
iy
PN
¥y
iy
PN
¥y
Xy
PN
¥y
iy
PN
¥y
Xy
PN
¥y
iy
PN
¥y
Xy
PN
¥y
iy
PN
™
™
S
™
™
S
™
™
S
™
™
S
™
™
S
™
o

F
X

X

X kK
Pl
X kK
X koK
Eaa
ks
X kK
Pl
X kK
X koK
Eaa
ks
X kK
Pl
X kK
X koK
Eaa
ks
| | ]

.‘:*:*:*:*:*:*:*:*: ol :*:*:*:*:*:*:*:*
L N N W N N
X ok K Nk koK e
L 0 0 X X KK K XK X
I d Ea e
L N et N N N N
bt b el el el b ot kel )
L N g ) o
X ok X ok ko kNN N X ok kN ok N okN
'rJr*JrJrJr*JrJrJr*Jr‘rJr*#*#*#*#*#*#*#*#*#*#:Jr:#:
Pl

i

:*:":":":":":*:{&:*:":":": Xty

) Ey AU S

L e L 1 1 1 :E
PN A £ e .

O S N N )

Ea NN A S £ Xy " . -
e e e e e e e e e e e . D .

L T P I P e P P P P P P R

. . 'y
11(}4“1 R,
.« x 4-"4-*;; ol
'ﬁﬁﬁﬁ%ﬁﬁﬁﬁ
i a-*a-*a-*a-*a-*a-*# ¥ #*a-*#*#*a-*#*#*a-*#*
EOERE M S S B BE B N S
o e e e e e N s
L e N P NN .
LR O A R N N R e E N N O B N -.-'I.
R NIGNIIGNN T IGRIIGNN e )
B S e
XXX R EEEE LR EE -
L
s as aa s e e e e
1_#*#*#‘_# i i B .I.-.I.'.I‘-.I.-.I.'.I‘-.I.-.I.'.I‘-.I.-.;
e ne e M
. TeTalr M M M
i e ooy
% = e

"I
a

:
e

| |
4

R
]
:::.'
...

e

R

M

e

.I
:

2R

e

B3R
R

g

SRR

'.-".-#%##
R

s
g
BRI,
1

e,
Do

SRR
R
B
R
SREmE,

metee

ol
e,
o

bR
e

ey
e
2

R

-

R
)

E

e

:.2
BRoRR )
R

e

R
Rz

,
s
R

4
]
o

L |
4

R
L

.l

s

My
s

GanmesEne
RO

S
L
RO
R

R

.I

FIG. 11



U.S. Patent Aug. 10, 2021 Sheet 9 of 15 US 11,085,995 B2

1200

Eiching to define a shaft that mechamcally
couples the mirror with the spring



U.S. Patent Aug. 10, 2021 Sheet 10 of 15 US 11,085,995 B2

1300

"

1304

Rotating a plurality of mirrors in a
synchronized fashion

1308

Shining a laser beam at he plurality of
MIrrors

1312

Reflecting the laser beam using the plurality
of mirrors

1316

Partially blocking movement of each mirror

FIG. 13




US 11,085,995 B2

Sheet 11 of 15

Aug. 10, 2021

U.S. Patent

Reflective

Driving
electrode 1404

NN N
A4 484K
- &

[

1 4%

imiting

L]

L
electrode 1408

-
L)
LMt

L
]
L 4"1*

e e )
Sy

FIG. 14



U.S. Patent Aug. 10, 2021 Sheet 12 of 15 US 11,085,995 B2

=1.0000f,

Example start ox

T = w oA,

e AR ;
;'_.___,.-:___' “'?' -y o
]
F 'I‘f J'
L '?
a.-.a.-.'a.a.n.'-..‘_a.a.a..'-.q'a.na." Baaaa.

'''''''' h.....-q...-....q. .

J"l'. ""I LY L
. -y

2'50 N ';" {ﬁ,l,,;'.r.-ﬂ " w- "“'f =
g _—oecond steady

AL A N - T S
P i LR i, Nl g P Jighi. Nt it

J ..l .ﬁ
} R e
L ﬁﬂiléﬂl AP R N TR T A R
'1 ! r
ol k) - -
R P IR N ST VR R W iy Y . Stat
-_— 7 ulp
2{}{:} I v ?Wﬂuﬂ R A N U SRy S AR e
N W » :
L Q et Ao .
' Il :‘ﬁq. "“."\.‘1.._'-'-"-1_‘- PR RS LR
v AR v
fo o ‘ e "‘..‘
P Ty ol ] .
d‘. \\ I ‘_:-"::.1_'.__. N s
- N il - e A - Lokl B . . " -'---u---'-1.---,-"4----'----,
- s . St ety e e n il
e e ..‘-,;‘h.': "“':':be"':-::-:n-:'-|"-:-... ......... e e B o m {h\
T o e L - e e e ) l-l-l-l-l-l- [ X ) fi-"i-if Y e paT .
= | R kP -k.....::. +-l_-|r‘:-',"-:;_"' e Aty ot o SR o "I#:i-"-"""" “F". "l:;":" aTa sy -“;'_'é' :.: Ty ¥
3 P T e }'f’}:r&,-tt- e S s ey “readiomdie: ‘ﬂ-‘*‘*‘"*'i%““‘mr‘%
G} ! -“u_ A "' i = :-: -'“"-""" f{r-.""“'""{-' ¥l Ly o _t,,:r.ﬁ' s il P ':"'.;';:;-,:d:qaﬂ-h-'ﬁ"* . T el o wlaty .. : :’1. et ;
a"l e "____,.-..t--'h-‘*“""‘"" ..... r- _::.--.v-*."‘-h-'ﬂ-"..u aeTe b T '-"r"-#'_i'_lﬂ PP -r'E‘-'-'r.:*:‘;‘:*'."‘?:‘r 3 "E‘;;"
G2 I R - S f;-.z‘- s ne T O S L
m 'J' ____....,_.--1- I : R ____:; _'”;_1__, .—...t-f - __._,_.ii_'-.':..-. == :.. s Ty B e z. lf-:' ':':_-;.';-‘:":-' !.-p
¥ T LT __‘:-g,::. et . H‘-"ﬂ'_-- N -: _1_'1_'-._-'_-_1_'_'1*#:—:-::__"_'-.- LI '.:.-:-:,:::?..:-: -f.'_" .‘--'-:_" i
L i i =T e T T T e T e S ST T
Q # -— e T .=:--‘”"" Iy iy e, Juyel I -l ok
: [ ﬂ."’ -l""l-p - ey 1__'- - —--'_‘._:;.' _____,.--""-- a = b S ‘-I'-_-_ﬂ:-}-_b-fq- e
. ‘-?- - T - -
ﬂ == . ...’ - - -.-‘.-""-
1 MQ " .r'r 4, o= '-.-"-..F
.“. B T - ’ _-:' - - :- Fra o -
'I.I'| : "'l-\_,_‘, . L ;::..-u-‘""" I i
. 1 r~ r‘.J .__:1""'_,.
LI Vo, ) .Ji“";'—
\ (o J . - I
. r i -
"y S ! i P
"'1 ’ _" 1|| ! -ll/’lul'
n ' rll 'F Y |‘ . l;!
50 B A 2 ' ! i
:ll .l' i_f |: ':l “'r
y ’ ar
AV y ;
' _-' b .I' rJ'I
’ ] ]
I-rll ‘i!' |i I Ilf"
- Yy s
A ! Ry '
AN irst stea
N ' F I
TR vl *
0 B RV VTl
R | ] l"--...___‘.
N .‘"'l' . |. -
] state
Ve
u r
'. L .
" \ T
. ! L E
r‘-' v “-."-- TTEES Tt L mla 1 04-‘ 1

~1G0 ' ‘
0 1 2 3 4
Amplitude

FIG. 15

300 ..
;o ."F}\

]
L . I
:II . \\ i Il
J'J-' 'r“",. . ~ IIJ- {l ". -
- o F..l'-.------ -1__ —-1-_‘_-'-'_-_ s el [ . R L. TR R R
) :&*’-qﬁ ‘A#. ag#“
S icmiy i R R b S
I
T
L

¥,
[P :-;l" " g
e CE
} r“:’.;" - ﬂ-ﬂmﬁh-«##--ﬁ-#ﬂf'**“"“
.| %wM.' -_.:.,_p_'._..ﬂ
; - - rir e el it
; sl TR T 'i*?‘r;é"*t': e ex

- =

.:}r ,'t-:;' ; RS e
=y
] : .-FJ 4 a .ﬂ--ﬂ-ﬂ-"""'ﬁ'#"'
" b
! iy e '5:% e

I__' ‘.'
e e ARt A I e b R e

el - O ,.-’"‘\'_—
e . o,

' _Second steady 608

-..-"-?-"‘""-"'
] 1 . —‘-ﬁr"e""-' [
e e AN
N - ‘13.,._#..&,..,.,1_;.,"*--.--.-4;----.n.‘:.

.ﬂ-@-# —
I S i it I
A

.l'___-l.-llq---l' r

by -Mﬂix_ﬂﬁﬁ- = *+-}\s.-;-:-:.r.-m_q_---+ac- )

P
Lh
o
T

-

=T

-

-‘-'M.-" l:-:.i:
L

e
! ﬂ.

L

e

e at?
'i-l e
? A

-

&

o

:
?

20

€S
.I__
"i-*-z: s T T

-
I &
A

-

___q‘_
BT H N

-
.. w A m

e
r L
el T I Y
] ...-'-‘-'.." - -*‘ ‘..Fi-ﬁl [ % ] by
] ; ;

a urt i ¥
o N ' " “ .
A b e s o m . _','::;-.--.--.--.--.--.--.- N ]
otk .';.,*m“ 5;;&;?#%%:* -p:'-‘_l-"'a- oy ._.i A ax"'n-n-n. u.vuvvvvvv..ﬂ...u -
P L S S S R e | -h—-;;:é}_'.‘_"."i?;‘: ek =
.. .,__,...'-E--"“ - et 1:;. ot s Pl :Ls»-—mz:iw' et -
e : ,,---*---‘“i".:i'::.u el oy -,:_'."' ~ !:;Ihﬁ.,,"-..a- ply e RN T o
iv""".'.--r i i = ' - e
a - o e ‘lr
1 e R E N iv ' -if:::
-~ ‘t- T P J:____ --_.;'—a."-" ___._..i_--_--'-' _‘-.;.-.-1--- v -.---‘fi'
e ;,;a{ L2

'lil

150

LT C - ) -"""'r'- - g

i
_-rI ‘__,_

- - . pin . ST ..1_;@!..‘4*:"‘“':'**" P wﬂ-:-_ -l-l
. r '._--_l-__;l-ir_ -7 ol > J-"'-r:-:-a- 4 '
‘:ﬁ 1 Gﬂ . ; N r i _.W:,_;-"' e ':.“:"{ﬁi:i:-# -,}fa.-l".:-' _‘ .
0 o '- AT e
F ol >3 e e - N gL by
'3‘-._"__1 *__.?___,r_i.?' 9., ?
-

F*
. ey - -
JER .-1"..-""' iV :
. -Il _'ll’" _-"'
il " - - }f '-u

{i.

-l.-'_-l__----.
N
' ,.=-~-._;- ,.f e

30

-irst steady
N state

o

T TR e = moma - - -
'h‘."d._ P
L]
L] -

-
'\

.

-50

400 ! |
O 1 2 3 4
Ampditide

FIG. 16



U.S. Patent Aug. 10, 2021 Sheet 13 of 15 US 11,085,995 B2

-

1700

o e e e e e
.H > .:.!. .” .!. .H .!:I!H .!!g!;q!g!;v

] : L
M N L, N R N
e e i o e e
.hllllllllhll - - | ol le Tl let hat hel lent het hanl lan h

o
S

P e
T

-
o
o
-
E
o
L

i M e e
M M DD MM

e
MM M M o WM

A LW
e e e e e e a  a e e e a  a

O
_—
P
P

308
1712

FIG. 17

»
e
FY
FY

e A M
oA M
S N NN N NN NN R

T e
A M A A M
p

o
FY
FY
Y
o

¥ }
R o ey
e

e R
e

g A
H:‘!!H!HHH!H!!HH!H!!HH!H!!HH

-u"’""""""""""""""""
M M DD MM

PR R R R R R,

h_ h ] h_] ™ h ]

1704

p . -~
i e i
™ - b ™ » b p_J

”:: 'a:”::' '::”:-:' '::”::' ':-:H::' "-\!Hl!' '::”::'

g e g g o
] ] ) b ] )
!H!. 'H!Il!' .!F'!H. .!F!!. 'H!l!' .!F'!H. 'i‘l!”l'

ol 0l B W A L N )

|
|
|
|
|
o e o o o e o o o e o]

F““H“



U.S. Patent Aug. 10, 2021 Sheet 14 of 15 US 11,085,995 B2

1800

ldentifying a steady state of operation of a
mirror-spring system '

T Applying a first drive signal 1o a first comb |
drive at one of the phases in the initial set of|
phases f

Applying a second dnve sighal to a second |
comb drive at one of the phases of the ml’ual
set of phases

FIG. 18



U.S. Patent Aug. 10, 2021 Sheet 15 of 15 US 11,085,995 B2

- - -
- . . o omorme _r-.--...-." Il 4.
e ;‘-.-‘I'\-""?::-..-:‘-:-.rr' - rwwrww _— -

-
--.‘l;-.-
-

T
- - -

LS

E_T._X, o Ll -

E N N N N NN N
* xxxxxxxxx”xxx HHHHHHHHHHHHHHHHHHHH
oM M M MM N E N
E NN N NN N N N N N
PEA A MM K KK MK KKK KKK
E
E N N N N
N N N N N N
N N NN
E N N N
R A AR KK MK MK KN KKK N
N NN NN N N
M M MM NN MK NN M NN NN N
S N N
N N NN N
Al e A N M A NN KN
PEA A MM K KK MK KKK KKK
E
E N N N NN
Al A AR A M A A K AN K NN
- b
HxHxHxHx?dxHxﬂxﬂdxﬂxﬂxﬂxﬂxﬂx?ﬂxﬂxﬂxﬂxﬂ

-

e i, W, W, W i W, W, W I'Li'l'l"‘:'..l'l_tl W W W W W W W h?ht W b W W b W B Wi B i e e e B B W, B, W e W W e B e e

e g T T, T T T T, T T T T T T T o T o T o T 0 o T o T o T

-

A A I I
o e o M e
o
A A I I
o i i
A A A I
o A
o oA AR e A ae e A A e A
b
I N

T T

a
o
-

i
o,
FJ
L,
i
F
i,
F
FJ
L,
i
F
i,
F
FJ
L,
o,
X
-i-i-i-.-i,h-.-i-i.-.-i-.-.-i-i-i-iiiiiiiiiiiiiii-ﬁiiiii-ﬁii-ﬁ

&

-

-

e —a—

-

Dt

-

L]
X,
X
X
X
X,
X
X
L]

rnnnnnnn.\:nnnnnnn e 'H;H;H;H' H’.
E ?El;:
N N

-

o,
F

: ;

H:HH
]
HHHHHHHHHH:HHH
i
o
‘H:Hi
-
X
-
x?t
]

]
F
oA
M

Zl!xi! -]

-

P -'\.-'\.-'\..'.

AN

-

X
L
X

)

L
xxxuxxu
L
L
I
. :!xﬂ )
-
s

g
-
o,
F
-
A
o,
N
[ e e e . Tttt

-

-

X - !I-r-r-r-r-r-r--u-..'_r.""
s . b s aame—= ===
.3 R e B =& kX :".._' ) )
Tt e m

il

-

-

-

- dw

-

-

IR R E R R E R A EREEREERKERERK]

) "H*H"HxHHHxxﬂlﬂ!ﬂ#ﬂlﬂ!ﬁﬂﬂlﬂﬂﬂxﬂlﬂ!
LT T T T e T = 3 & & o & o o & A A 2 A M A
E N N N
oA A AR R K MK MK KN KKK N
E N NN NN N N
M M MM NN MK NN M NN NN N
S N N
N N NN
P oo A A M A NN KN
R R AR KK MM MK KN KKK N

a
-

-

-

-

L g
-

-

-

- T & m o wow a T W

I

kY
I =
. T m oy oaoa

3

-

e m g ow

TR e m g

-

=" -
.= T, f;t:r'_-lq,i..-t,.

Tm g o - L
E N N N .

'Il'xHx?ExHxHxHxﬂ”ﬁ“ﬂ”ﬁ”ﬂ”ﬂ”ﬁ”ﬁ“ﬂ”ﬂ”ﬂ”ﬂ
Mo W e e  a A a M Aa
R R AR KK MM MK KN KKK N
E N N NN
E N N N N
N N N N N N
N N NN
HxHxHxHxi!HHxﬂxlxlxﬂxﬂxlxﬂxxulxﬂxﬂxﬂ

-

Frrrrsrrwrrw

- . - -

me

- om e - -

-

T a

1

-

Bl
1
L]

1

L]

~
1
F
]
]

Pt I R T Tl
o o oo™ L JE e

-

-

E N N N N
'l'xHx?E"HxHHHxﬂ"ﬂ“ﬂ"ﬁ”ﬂ"ﬂ”ﬁ"ﬂ“ﬂ"ﬂ”ﬂ”ﬂ
I
R A AR KK MK MK KN KKK N
N NN NN N N
?dx?dx?dx?ﬂx?dxHxﬂxxxﬁxﬂxﬂxﬁxﬂxxxﬂxﬂxﬂx

-

- o m omom
o om o

w
L ]

-
L]

-

- mm =g
-] - T
. m m w m— -
-k T 1

-

-

Lmw T
J-'
[N

— _— me——
--‘*""-'t-_" wr— e E W A A m
LEE N B BN Ak N N

e a o

s
]

]

]

]

]

]

b
]

]

]

]
.#

-

ﬂ-ﬂ-
U

-

e e o — — — — —

P M MMM NN N NN M NN NN K]
'Il'xHx?ExHxHxHxﬂ”ﬂ“ﬂ”ﬁ”ﬂ”ﬂ”ﬁ”ﬂ“ﬂ”ﬂ”ﬂ”ﬂ
Mo W e e  a A a M Aa
R R AR KK MM MK KN KKK N
E N NN N N
WOWOW W N N N M N NN N NN NN N
S e -.x.1xHxﬂxxxﬂxﬂxﬂxﬂxﬂxxxﬂxﬂxﬂx
I
R A AR KK MK MK KN KKK N

-

-- .
K il T

-

- b

-

- T

-

200

il S L I S
e b= T TR s

-

-

-i-i-.-i-i-i-i-i-iiiiiiiiiiiiiiiiiiiiiii.}

-

. 'l':H:?E:H:H:H:?!:H:H:R:H:H:H:H:H:H:H:H’.
R A AR KK MM MK KN KKK N
Mo ol el ae M A M ol o ol e A A M
M M MM NN MK NN M NN NN N
L N N

NN N 1
oA o e A N M A NN KN
R R AR KK MM MK KN KKK N
MM e P PR MM M M M oM AN KM
.:HxH"HxHHHxxﬂ!ﬁ!ﬂ#ﬂ!ﬂ!ﬁ#ﬂ!ﬁﬂﬂlﬂ!ﬁ!

-

T m oA oa . -
L -Il_#___- - A
L] oA
L]

- T
e R

[t

-

T T

52

Dt

-

o

-

L om TR .
- = i
= . L
- oo, -
. - - moaoa

- -
ow ow ow ow e e W T I:.I'_#___-.-ll-_-l-_-

X
Lo ]
"

-.a,a.t,-.a-,t:-,a.t,a.a,t.-ﬁ,a.t,a-.—-

. L]

-

iiiiiiiiiii\iiiiii-ﬁt

r,a.a,t.-ﬁ,a.t,a.u;t.a,a.t,-.a,-.

F ]
4
~

oom =
*
R

k4
E I P,
E i xxxxuxx b i Y
?dx?dx?d i
iy ]

. h L - b

X

-

l

H

A EF PR R P EEEFY PR

]
X

——
—— =T

T

A R
)

A KA
X KA KK

L

:,
;
]
L rrrrrerrrrvrns

-

XA
U

b

X

-

[ |
-
L

™ N
o
o e

am = om ox
o od oA o o w UL

X
X
X
X
)
X
X
x
.
B

-
F

x

.
?ﬂx?d
F

H:H
oA
H
A

= ?E:H

I*_l-_I-_l-_l-_l.l-_l-_l.l-_l-_I.l-_l-_l.l__l.l.lj._l.l__l._l.l__l.I.l__l._l.l__l.l.l__l-_l. .&_ -_i__--_l-_-__--_-._--_- L g e e e 4

]
X L
HHHHHHHEHHHHHH.H_
o
x
H
x
L ]
i
"

A
Y
o A
i
i
"
K

]
]
]
F
]
F
"

-

-

-

-

i
o
oo

i
o o o e o o e o o e e

M N K A X A K
I

"
R
-

X W NN N
]

X

t
;

e e e e e e e e e e e e e e e e e e

o
]
4
1
.I
k.
]

]
r
.
]
|

. Mt R .
""'""‘."“'"-n———

- =
wﬁ- - . . i
e R = BT =T =-.,
- . . -
L. .
. . . A -

[ —m -
Ly e m= T

e ———

- &

dow = =" -

"o - — T
- - - = wr=

T kTR e ..
..-l [ ]

L A s, m L E)
. EATEw HaH S

B3040 IBiIdaususosidsip

-
-

- -

-

: LI
. -—'__"-'1‘.
. m L
-
= cmamgm e, 4

-
R

L] - !

T = w e — T

43

i
!
S0

—m = - .
P i Y LI._I_--I'.J

ﬂ; 1 -
o | 1

——m e mm T —_—

. -
R A e w xaa, ey Ll

Lrmw™
. [ - —
— e —teT

— b
mdr g B X LA TR s A s s moaoaa
e

@ -

-
-
PR 1
. L. - : T w T TR TR AR 4

H

r..-"--'_'-'."—'P'Ilu—--
TTAE X W i odr o g o  ET
1 s dom s T

. o ;
A A & aaa a"a"L K N _jre B,
. . Sl - ¥

e
UM RPN GO D S GG

Il T

: - iy oy, ttthi_f‘r.:‘: .

3 Y
Tﬂ‘l

--—-—--I-l'l"!'_----'-_‘--'.'.
= e W Xox T TITIY
e Skt |
- e meal

bl I ]

- = 4 o .
-
4 .
FTrTrTrrTrrrrrTrTTTT

i .

== W R by w mm A sy aowa

e ww T E T T T T w W
b i e o m e m

r
am ..i-.-""-l.-'.

- —_— .
- e ‘..i.-a. & s momw
P A s oy w

T T T T T T T, T
- gt . e
."'"'-—-r-.l.-.-.q.....--‘*_"‘_‘\'._._.-.-r"
S AT .
TR Lk A
. -
.‘-_"‘_-.-4- .
- - TP .
.I-' 1
-
., L ——
. -a . . . fy— a wammw

(Rl ...r"“_ll L= _r-_‘.-..-....ra.'-"'r
-a.a...a.a...i.‘:.':--q._.‘._*__‘_
: - - o .
1 sE— e
"':‘--...,‘_‘_\_-.
o

e i i T R L

FIG. 19

T )
I f----_""-"-.-._,___ r—r .
—— 'Ir
. -._..-._‘_‘__‘ :
. .
i '
. r
T MR ow om A~ g bt T I
B L L |
:.-.__._,___--_r_".'_._._._-_-_-_l |
- =y
. - |
LT 1
~ " I
“_ _‘__.__.1]'--"' |
) e g L I
'--..--..-.'-..-'-.."-."‘..'\---....-.. |
TR .
T |
I T e L
. ; - |
LT - |
e S PO |
-
. -'-r’.h-'-!-'#'##i-#i-l-. |
i |
- g
T 1 |
- 1
. . e A e e e e e e |
. -t T [
memIl D o
. L L -—-
. e 1
1 e m s
! e |
- e, |
. |
. |
o T I
. =
- 4 I
4+ 4+ & % 4wl &2 a2 aaaaa |
k ral,
M |
. L L |
IIT ! I
.
e
R - I
. --------"-..q‘_‘:I::-. :
STy
L - |
) A

0 e 1£3
DB} |RICIAUSIUSIBIISHD



US 11,085,995 B2

1

NON-LINEAR SPRINGS TO UNIFY THE
DYNAMIC MOTION OF INDIVIDUAL
ELEMENTS IN A MICRO-MIRROR ARRAY

CROSS-REFERENCES TO RELATED
APPLICATIONS

The followimng eight U.S. patent applications (which
includes the present application) are being filed concur-
rently, and the entire disclosures of the other applications are
incorporated by reference into this application for all pur-
poses:

application Ser. No. 16/213,990, filed Dec. 7, 2018,
entitled “MULTI-THRESHOLD LIDAR DETECTION;

application Ser. No. 16/213,992, filed Dec. 7, 2018,
entitled “MIRROR ASSEMBLY FOR LIGHT STEER-
ING™;

application Ser. No. 16/214,010, filed Dec. 7, 2018,
entitled “COUPLED AND SYNCHRONOUS MIRROR
ELEMENTS IN A LIDAR-BASED MICRO-MIRROR
ARRAY;

application Ser. No. 16/214,013, filed Dec. 7, 2018,

entitled “COUPLED AND SYNCHRONOUS MIRROR
ELEMENTS IN A LIDAR-BASED MICRO-MIRROR
ARRAY™;

application Ser. No. 16/213,995, filed Dec. 7, 2018,

entitled “NON-LINEAR SPRINGS TO UNIFY THE
DYNAMIC MOTION OF INDIVIDUAL ELEMENTS IN
A MICRO-MIRROR ARRAY™;

application Ser. No. 16/213 997, filed Dec. 7, 2018,

entitled “NON-LINEAR SPRINGS 10 UNIFY TH*
DYNAMIC MOTION OF INDIVIDUAL ELEMENTS IN
A MICRO-MIRROR ARRAY™;

application Ser. No. 16/213,999, filed Dec. 7, 2018,
entitled “A LEVER SYSTEM FOR DRIVING MIRRORS
OF A LIDAR TRANSMITTER”; and

application Ser. No. 16/214,001, filed Dec. 7, 2018,
entitled “SYSTEM AND METHODS FOR CONTROL-
LING MICRO-MIRROR ARRAY”.

BACKGROUND

Light steering typically involves the projection of light in
a pre-determined direction to facilitate, for example, the
detection and ranging of an object, the 1llumination and
scanning of an object, or the like. Light steering can be used
in many different fields of applications including, for
example, autonomous vehicles, medical diagnostic devices,
etc.

Modern vehicles are often fitted with a suite of environ-
ment detection sensors that are designed to detect objects
and landscape features around the vehicle 1n real-time that
can be used as a foundation for many present and emerging
technologies such as lane change assistance, collision avoid-
ance, and autonomous driving capabilities. Some commonly
used sensing systems include optical sensors (e.g., infra-red,
cameras, etc.), radio detection and ranging (RADAR) for
detecting presence, direction, distance, and speeds of other
vehicles or objects, magnetometers (€.g., passive sensing of
large ferrous objects, such as trucks, cars, or rail cars), and
light detection and ranging (LiDAR).

LiDAR typically uses a pulsed light source and detection
system to estimate distances to environmental features (e.g.,
vehicles, structures, etc.). In some systems, a laser or burst
of light (pulse) 1s emitted and focused through a lens
assembly and a reflection of the pulse off of an object 1s
collected by a receiver. A time-of-flight (TOF) of the pulse
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can be measured from the time of emission to the time the
reflection 1s received, which may manifest as a single data

point. This process can be repeated very rapidly over any
desired range (typically 360 degrees over a 2D plane for
ground-based vehicles, and a 3D region for aircraft) to form
a collection of points that are dynamically and continuously
updated 1n real-time, forming a “point cloud.” The point
cloud data can be used to estimate, for example, a distance,
dimension, and location of the object relative to the LiDAR
system, often with very high fidelity (e.g., within 5 cm).

Despite the promise that LiDAR and other sensing sys-
tems bring to the continued development of fully autono-
mous transportation, there are challenges that limit 1ts wide-
spread adoption. L1IDAR systems are often expensive, large,
and bulky. In some cases, multiple emitters may be needed
to accurate track a scene, particularly for systems that
require accuracy over a large range and field-of-view (FOV).
While significant strides have been made to push autono-
mous vehicle technology to greater commercial adoption,
more 1improvements are needed.

BRIEF SUMMARY

Steering mirrors in Light Detection and Ranging (L1DAR)
systems are commonly bulky. The more mass a mirror has,
the more slowly 1t moves. For fast scanning, 1t 1s challenging
to move a bulky mirror quickly. Yet reducing a size of the
mirror can reduce light intensity of recerved laser pulses. In
some embodiments, an array ol microelectromechanical
system (MEMS) mirrors 1s used in LiDAR scanning system
to 1ncrease scanning speed while not losing as much light
intensity (e g., one laser beam 1s reflected by a plurality of
MEMS mirrors synchronized to act as one large reflective
surface). Yet synchronizing movement of MEMS mirrors
can be challenging. In some embodiments, mirrors are
driven nonlinearly so that it 1s easier to match amplitude and
phase of mirrors moving 1n a synchromzed array.

In certain embodiments, a device for beam steering 1n a
Light Detection and Ranging (L1iDAR) system of an autono-
mous vehicle comprises: a mirror; a spring mechanically
coupled with the mirror; a combdrive actuator configured to
move the mirror, the spring, or both the mirror and the
spring; and/or a limiter configured to limit a range of motion
of the mirror, the spring, or both the mirror and the spring.
In some embodiments, the mirror 1s formed as part of a
microelectromechanical system; the limiter comprises a
hard stop configured to contact the mirror to prevent the
mirror {from continued rotation about an axis; the hard stop
1s glass; the mirror comprises a support and a reflective
surface; the mirror 1s rectangular; the mirror 1s mechanically
coupled with the spring by a shaft; the shait has a rectangular
cross section; the limiter comprises a contact to limit a range
of motion of the shaft; the contact comprises a spring; the
spring ol the limiter 1s configured to have a stiflness based
on a mass of the mirror; the combdrive actuator comprises
a plurality of stator fingers and a plurality of rotor fingers;
the limiter comprises a first set a magnets and a second set
of magnets; the first set ol magnets are positioned on a
substrate; the second set of magnets are positioned on the
mirror; the first set of magnets are oriented to repulse the
second set ol magnets; the device 1s configured as a scanning,
mirror 1 a LiDAR system; the device further comprises a
plurality of mirrors, wherein the mirror 1s part of the
plurality of mirrors, and the plurality of mirrors are syn-
chronized to move together 1n time so that angular rotation
of the plurality of mirrors are the same; the device further
comprises a plurality of drivers configured to move the
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plurality of mirrors, wherein the plurality of drivers are
configured to dive mirrors of the plurality of mirrors at the
same frequency.

In certain configurations, a method of using a mirror array
comprises: rotating a plurality of mirrors, wherein: rotating
comprises using a plurality of drivers operating at the same
frequency, and rotating the plurality of mirrors 1s performed
so that motion of the plurality of mirrors 1s synchronized;
shining a laser beam at the plurality of mirrors; reflecting the
laser beam using the plurality of mirrors, so that the mirrors
act as a single mirror to reflect the laser beam; and/or
partially blocking movement of each mirror of the plurality
of mirrors so that movement of each mirror 1s nonlinear. In
some embodiments blocking movement of each mirror of
the plurality of mirrors blocks rotation of a shaft used to
move the mirror and/or blocks rotation of the plurality of
mirrors by physical contact with the mirror; and/or blocking,
movement ol each mirror of the plurality of mirrors 1s
performed using magnetic repulsion.

In certain configurations, a method of manufacturing a
device for use 1 a Light Detection and Ranging (L1iDAR)
system comprises etching to define a mirror support; etching
to define a spring; etching a shaft that mechanically couples
the mirror support with the spring; etching rotors and stators
of a drniver, wherein the driver 1s configured to move the
shaft; etching a contact configured to limit a rotation of the
shaft; and/or coating at least a portion of the mirror support
to create a reflective surface on the mirror support.

Further areas of applicability of the present disclosure will
become apparent from the detailed description provided
heremnafter. It should be understood that the detailed descrip-
tion and specific examples, while indicating various embodi-
ments, are intended for purposes of 1llustration only and are
not intended to necessarily limit the scope of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description 1s set forth with reference to the
accompanying figures.

FIG. 1 shows an autonomous driving vehicle utilizing
aspects of certain embodiments disclosed.

FIG. 2 1llustrates an example of a light steering transmit-
ter, according to certain embodiments.

FIG. 3 depicts part of an embodiment of a mirror assem-

bly.

FIG. 4 depicts a graph of phase and amplitude 1n relation
to an excitation frequency for an embodiment of an oscil-
lating murror.

FIG. 5 depicts a simplified diagram of an embodiment of
a hard stop used to limit motion of a mirror.

FIG. 6 depicts a graph of phase and amplitude 1n relation
to an excitation frequency for an embodiment of an oscil-
lating mirror having a hard stop.

FIG. 7 depicts a top view of an embodiment of a blocking,
clement used to limit a rotation of a shait coupled with a
mirror.

FI1G. 8 depicts a simplified side view of an embodiment of
a shaft contacting blocking elements.

FI1G. 9 1s a further simplified side view of the embodiment
of the shait contacting a blocking element.

FI1G. 10 depicts a graph of phase and amplitude 1n relation
to an excitation frequency for an embodiment of an oscil-
lating mirror limited by rotation of a shatft.

FIG. 11 depicts a simplified diagram of an embodiment
using magnetic repulsion to limit rotation of a mirror.
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FIG. 12 illustrates a flowchart of an embodiment of a
method of manufacturing a device for use 1n a LiDAR
system.

FIG. 13 illustrates a flowchart of an embodiment of a
method of using a mirror array.

FIG. 14 depicts a simplified diagram of an embodiment
using electrostatic force to limit rotation of a mirror.

FIG. 15 1s a graph of operation of a mirror converging to
two steady state modes while the driving frequency 1s equal
to a harmonic frequency of the mirror for various initial
conditions.

FIG. 16 1s a graph of operation of a mirror converging to
two steady state modes while the driving frequency is not
equal to a harmonic frequency of the mirror for various
initial conditions.

FIG. 17 1s a partial diagram of an embodiment of a mirror
system.

FIG. 18 illustrates a tlowchart of an embodiment of a
process 1800 of using a non-linear system to synchronize
motion of a plurality of mirrors.

FIG. 19 depicts an embodiment of a mirror system
converging to a steady state ol operation.

In the appended figures, similar components and/or fea-
tures may have the same reference label. Further, various
components of the same type may be distinguished by
following the reference label by a dash and a second label
that distinguishes among the similar components. If only the
first reference label 1s used 1n the specification, the descrip-
tion 1s applicable to any one of the similar components

having the same first reference label irrespective of the
second reference label.

DETAILED DESCRIPTION

Aspects of the present disclosure relate generally to
mirrors used for beam steering, and without limitation, to
beam steering in a Light Detection and Ranging (L1iDAR)
system (e.g., for use in a system with an autonomous
vehicle). Other examples of beam steering include: the head
light of a manually-driven vehicle can include the light
steering transmitter, which can be controlled to focus light
towards a particular direction to improve visibility for the
driver; and optical diagnostic equipment, such as an endo-
scope, can include a light steering transmitter to steer light
in different directions onto an object 1n a sequential scanning
process to obtain an image of the object for diagnosis.

A light steering transmitter may include a movable mirror
assembly to facilitate configurable and precise control of a
light projection. A mirror can be moved (e.g., rotated) by
actuators to reflect (and steer) light from a light source
towards a pre-determined angle. The mirror can be rotated to
provide a first range of angles of projection along a vertical
axis and to provide a second range of angles of projection
along a horizontal axis. The first range and the second range
of angles of projection can define a two-dimensional field of
view (FOV) 1n which an object can be detected/scanned.

Light steering can be implemented by way of a mirror
assembly 1ncluded in the light steering transmitter. A mirror
in the mirror assembly can be moved by actuators to steer
light from a light source towards a pre-configured direction.
For improved integration, the mirror assembly, actuators,
and the control circuitries that configure the actuators to set
the angles of projection can be itegrated on a semiconduc-
tor substrate, with the mirror assembly and actuators can be
formed as microelectromechanical systems (MEMS) on the
semiconductor substrate.
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In some examples, a mirror assembly may include a single
mirror. The single mirror can be coupled with two pairs of
actuators and rotatable on two non-parallel axes (e.g.,
orthogonal axes). A first pair, or set, of actuators can rotate
the mirror around a first axis to steer the light along a first
dimension, whereas a second pair, or set, of actuators can
rotate the mirror around a second axis to steer the light along,
a second dimension. Different combinations of angle of
rotations around the first axis and the second axis can
provide a two-dimensional FOV.

The mirror assembly can dominate various performance
metrics of the light steering transmitter including, for
example, precision, actuation power, FOV, dispersion angle,
reliability, etc. It 1s desirable to provide a mirror assembly
that can improve these performance metrics.

A size of a mirror, with respect to a beam of light incident
on the mirror (e.g., a width of the mirror compared to a width
of a laser beam), may aflect the dispersion of the steered
light as the beam of light propagates, which in turn can aflect
ranging and 1imaging ol object within the FOV. Accordingly,
it may be preferable in some configurations to have a larger
reflective surface.

Conversely, the larger the mirror, the more mass the
mirror likely has and the more slowly it moves. For fast
scanning, it 1s challenging to move a bulky mirror quickly.
Yet reducing a size of the mirror can reduce light intensity
of received laser pulses (e.g., 1 the mirror has a smaller
width than a beam of light used for LiDAR). Further,
subjecting actuators to larger actuation forces, especially for
MEMS actuators, can shorten the lifespan and reduce the
reliability of the actuators. Moreover, the reliability of the
MEMS actuators may be further degraded when a light
steering transmitter relies solely on the single mirror to steer
the light, which can become a single point of failure.

In some embodiments, an array of microelectromechani-
cal system (MEMS) mirrors 1s used i LiDAR scanning
system to 1ncrease scanning speed and to increase retlective
surface area (e.g., one laser beam 1s retlected by a plurality
of MEMS mirrors synchronized to act as one large reflective
area). Yet synchronizing movement of MEMS mirrors can
be challenging. In some embodiments, mirrors are driven
nonlinearly so that 1t 1s easier to match amplitude and phase
of mirrors 1n an array. Driving mirrors nonlinearly can be
accomplished several different ways. For example, a hard
stop can be used to stop a mirror from rotating. Examples of
a hard stop include a substrate that sides of the mirror
contact and a blocking element that stops rotation of a shaft.
Another way to drive mirror nonlinearly can be accom-
plished through electromagnetic repulsion.

In the following description, various examples of a mirror
assembly and a light steering transmitter system will be
described. For purposes of explanation, specific configura-
tions and details are set forth 1n order to provide a thorough
understanding of the embodiments. However, it will be
apparent to one skilled in the art that certain embodiments
may be practiced or implemented without every detail
disclosed. Furthermore, well-known features may be omit-
ted or simplified in order to prevent any obfuscation of the
novel features described herein.

FIG. 1 1illustrates an embodiment of an autonomous
vehicle 100 1n which the disclosed techniques can be imple-
mented. The autonomous vehicle 100 includes a LiDAR
module 102. LiDAR module 102 allows the autonomous
vehicle 100 to perform object detection and ranging in a
surrounding environment. Based on results of object detec-
tion and ranging, the autonomous vehicle 100 can maneuver
to avoild a collision with objects. The LiDAR module 102
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can include a transmitter 104 and a receiver 106 for light
steering. The transmitter 104 can project one or more light
pulses 108 at various directions at different times 1n a
scanning pattern, while receiver 106 can monitor for a light
pulse 110 which 1s generated by the reflection of light pulse
108 by an object. LIDAR module 102 can detect the object
based on the reception of light pulse 110, and can perform
a ranging determination (e.g., a distance of the object) based
on a time difference between light pulses 108 and 110 and/or
based on phase diflerence between light pulses 108 and 110.
For example, as shown 1n FIG. 1, the LiDAR module 102
can transmit light pulse 108 at a direction directly 1n front of
autonomous vehicle 100 at time T1 and receive light pulse
110 reflected by an object 112 (e.g., another vehicle) at time
12. Based on the reception of light pulse 110, LiDAR
module 102 can determine that object 112 1s directly 1n front
of autonomous vehicle 100. Moreover, based on the time
difference between T1 and T2, LiIDAR module 102 can also
determine a distance 114 between autonomous vehicle 100
and object 112. The autonomous vehicle 100 can adjust 1ts
speed (e.g., slowing or stopping) to avoid collision with
object 112 based on the detection and ranging of object 112
by LiDAR module 102.

FIG. 2 illustrates an example of internal components of a
L1DAR module 102. LiDAR module 102 includes the trans-
mitter 104, the receiver 106, and a controller 206, which
controls the operations of the transmitter 104 and the
receiver 106. Transmitter 104 includes a light source 208, a
lens 210, and a mirror assembly 212. The light source 208
1s configured to generate light pulses 108. In some embodi-
ments, the light source 208 15 a laser diode. The lens 210 1s
a collimator lens configured to collimate light emitted from
the light source 208. The receiver 106 comprises a lens 214
and a detector 216 (e.g., a photodetector). The lens 214 1s
configured to focus light from light pulses 110 onto the
detector 216.

The controller 206 can control the light source 208 to
transmit light pulse 108, which 1s part of an optical beam
218. The optical beam 218 can diverge upon leaving the
light source 208. The optical beam 218 1s collimated by
passing through lens 210. Lens 210 has an aperture width
(e.g., diameter of lens 210), which can set a beam width 220
of collimated light incident on the mirror assembly 212.

The optical beam 218 1s retlected by the mirror assembly
212 and steered by the mirror assembly 212 along a pro-
jection path 219 towards the object 112. The mirror assem-
bly 212 includes one or more mirrors 221, which 1s rotatable.
FIG. 2 illustrates the mirror assembly 212 having one mirror
221, but as to be described below, 1n some embodiments the
mirror assembly 212 includes a plurality of mirrors. To
reduce loss of light, the mirror 221 can have a length (and/or
width) that matches the beam width 220. Such an arrange-
ment can enable the mirror assembly 212 to reflect and
project a larger portion of light and to mitigate dispersion.

The mirror assembly 212 further includes one or more
actuators to rotate the mirror 221. The actuators can rotate
mirror 221 about a first axis 222, and about a second axis
226. Rotation about the first axis 222 can change a first angle
of the projection path 219 and rotation about the second axis
226 can change a second angle of the projection path 219.
The controller 206 can control the actuators to produce
different combinations of angles of rotation around the {first
axis 222 and the second axis 226 such that the movement of
the projection path 219 can follow a scanning pattern 232.
The scanning pattern has a first range 234 (e.g., horizontal)
and a second range 238 (e.g., vertical). The first range 234

and the second range 238 define a field of view (FOV) of the
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transmitter 104. Light from the optical beam 218 retlects
from an object within the FOV, such as object 112, to form
light pulse 110, which 1s a reflected pulse. The light pulse
110 1s detected by the receiver 106.

The mirror assembly 212 has been shown as part of the
transmitter 104. The mirror assembly 212, or a second
mirror assembly 212, can be used as part of the receiver 106.
The mirror assembly 212 (e.g., as part of a micro-mirror
array) can be placed before the lens 214. Using the mirror
assembly 212 as part of the receiver 106 can reduce inter-
terence. Without using a mirror assembly 212 in the receiver
106, light from many directions 1s collected by the detector
216. Accordingly, light sources, such as sunlight and lasers
emitted by other cars, can also be detected by the detector
216, which could reduce performance of the receiver 106
detecting pulse 110. By placing a micro-mirror array before
lens 214, light from only a desired direction 1s collected,
which can reduce noise from other light sources. In some
embodiments, one mirror assembly 212 (e.g., alone or as
part of a mirror array) 1s used for both the transmitter 104
and the receiver 106 (e.g., 1n a co-axial configuration, with
a beam splitter placed between lens 210 and mirror assembly
212; pulse 110 1s returned to the mirror assembly 212,
reflected by the mirror assembly 212 towards the beam
splitter; reflected by the beam splitter towards the lens 214,
and focused by the lens 214 to the detector 216).

FIG. 3 depicts part of an embodiment of a mirror assem-
bly 212. The mirror assembly 212 comprises a mirror 221
and an actuator 304. The mirror comprises a mirror substrate
308 and a reflective surface 312. The mirror substrate 308 is
a substrate for the retlective surtace 312 to be applied to,
¢.g., sputtering alternating dialectic layers of matenals on
the substrate to form a Bragg mirror on the substrate as the
reflective surface 312. In some embodiments, the substrate
1s part of a silicon-on-insulator (SOI) wafer, and the retlec-
tive surface 312 1s applied on top of a device layer of the SOI
waler. The mirror substrate 308, the shaft 320, the spring
324, the post 328, the stator 332, and/or the rotor 336 can be
made using photolithography, e.g., the mirror substrate 308,
the shatt 320, the spring 324, the post 328, the stator 332,
and/or the rotor 336 are etched concurrently from a device
layer of an SOI wafer. In some embodiments, electrical
clements for the combdrive actuator are formed in the device
layer of the SOI water.

The actuator 304 comprises a shaft 320, a spring 324, a
post 328, and a combdrive actuator. The combdrive actuator
comprises a stator 332 and a rotor 336. In some embodi-
ments, the combdrive actuator (e.g., a vertical comb drive)
has a plurality of stator fingers and plurality of rotor fingers.
The spring 324 1s mechanically coupled with the mirror 221.
For example, the spring 324 1s coupled to the rotor 336, the
rotor 336 1s coupled to the shaft 320, and the shaft 320 1s
coupled to the mirror substrate 308 of the mirror 221. The
rotor 336 rotates back and forth around the first axis 222,
e.g., +-10, 15, 20, 25, or 30 degrees. As the rotor 336
moves, the spring 324 1s twisted and the mirror 221 1s
rotated. The actuator 304 can be configured to work 1n pairs
to move the mirror 221 about the first axis 222. In the
embodiment shown, a first actuator 304-1 and a second
actuator 304-2 work together as a pair to move the mirror
221 about the first axis 222.

The spring 324 1s coupled to the rotor 336 and the post
328. The post 328 does not rotate. An electrical signal 1s
applied to the combdrive actuator to cause magnetic repul-
sion and/or attraction between the stator 332 and the rotor
336. As the rotor 336 rotates, the spring 324 1s twisted,
storing mechanical energy and applying a torque to the rotor
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336 and/or to the shaft 320. As the rotor 336 rotates, the
mirror 221 rotates because the mirror 221 1s coupled to the
rotor 336 by the shait 320. An angle of the reflective surfac
312 with respect to the light source 208 changes as the
mirror 221 rotates. The spring 324 and the combdrive
actuator move the mirror 221 to oscillate at a given fre-
quency, thus steering the projection path 219 of the optical
beam 218 back and forth (e.g., horizontally) within the first
range 234. A different actuator and/or combdrive actuator
system moves the mirror 221 about the second axis 226.

In some embodiments, the substrate 1s part of a silicon-
on-insulator (SOI) water, and the reflective surface 312 1s
applied on top of a device layer of the SOI wafer. The
reflective surface 312 1s rectangular to provide more reflec-
tive surface area of an array of mirrors and/or to more
ciliciently use space on a chip. In some embodiments, the
reflective surface has a width (e.g., along the x dimension)
equal to or less than 20, 13, 10, or 5 millimeters and/or equal
to or greater than 1, 3, 5, or 8 millimeters. The mirror
substrate 308, the shatt 320, the spring 324, the post 328, the
stator 332, and/or the rotor 336 can be made using photo-
lithography, e.g., the mirror substrate 308, the shaft 320, the
spring 324, the post 328, the stator 332, and/or the rotor 336
are etched concurrently from a device layer of an SOI water.
In some embodiments, electrical elements for the combdrive
actuator are formed 1n the device layer of the SOI wafer.

FIG. 4 depicts a graph of phase and amplitude 1n relation
to an excitation frequency for an embodiment of an oscil-
lating mirror. The combdrive actuator drives the mirror 321
at a drive frequency w. The drive frequency w 1s an angular
frequency. The mirror has a resonant frequency w,. The
resonant frequency g, 1s a function of a spring constant of
the spring 324 and a mass of the mirror 321. Exciting
frequency 1s a relationship of the drive frequency w divided
by the resonant frequency m,,.

Phase 1s the difference between torque on the shait 320 by
the combdrive actuator and rotation of the mirror 221. FIG.
4 shows that maximum amplitude of oscillation of the mirror
221 1s when the drive frequency m of the combdrive actuator
1s equal to the resonant frequency w,. The phase 1s 90
degrees when the when the drive frequency w of the
combdrive actuator 1s equal to the resonant frequency m,,.

A small change between the dnive frequency w and the
resonant frequency m, causes a large change in the ampli-
tude and the phase. In a mirror array, mass ol mirrors 221
can vary to cause up to 0.4, 0.8, 1.0% or more variance 1n
resonant frequency m, between mirrors 221. For example,
variations in deposition thicknesses of layers forming reflec-
tive surfaces 312 across a waler can cause a one mirror to be
heavier than another mirror. For example, a first mirror
having a resonant frequency m, equal to the drive frequency
m (exciting frequency equal to one) has a maximum ampli-
tude and has a mirror rotation out of phase with the drive
frequency w by about 100 degrees. In comparison, a second
mirror having a resonant frequency m, so that the exciting
frequency 1s 0.995 has an amplitude of movement about half
of that of the first mirror’s amplitude, and the mirror rotation
1s out of phase with the dnive frequency w by about 20
degrees. Thus the first mirror and the second mirror would
not be rotating 1n phase with each other if the same drive
frequency m was applied to the both the first mirror and the
second mirror.

One way to synchronously drive mirrors 221 1n an array
1s to vary drive frequencies w for each mirror 221. Such a
system, with feedback and control loops, could become very
complex, especially for a large array of mirrors 221 (e.g., an
array of 100x100 mirrors having 10,000 control systems).
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Another option 1s to have mechanical control (e.g., lim-
iting movement of a mirror 221) instead of, or 1n addition to,
clectrical control. Examples of limiting movement of a
mirror 221 including using a hard stop, limiting rotation of
the shaftt, using electrostatic force, using magnetic force, and
using a soit stop (e.g., using a spring that engages for mirror
rotations past a certain angle). In each example, a limiter 1s
used. Several examples will be described in more detail
below. By using a limiter to drive the mirrors nonlinearly,
immediate correction 1s provided and the design can be
simplified by not having so many electronic feedback loops.
Nonlinear movement of the mirrors allows one drive fre-
quency to drive a plurality of mirrors 1n sync with each
other, even though the plurality of mirrors have variations 1n
resonant frequencies.

FIG. 5 depicts a simplified diagram of an embodiment of
a hard stop used to limit motion of the mirror 221. In FIG.
5, a plate 504 (e.g., glass) 1s bonded to the stator 332. The
plate 504 1s a limiter because the plate 504 blocks the mirror
221 from rotating past a certain angle. Because the plate 504
blocks motion of the mirror 221, the mirror 221 moves
nonlinearly 1n response to a drive voltage of the combdrive
actuator.

FIG. 6 depicts a graph of phase and amplitude 1n relation
to an excitation frequency for an embodiment of an oscil-
lating mirror having a hard stop (e.g., the plate 504 1n FIG.
5). The hard stop not only limits the amplitude (see constant
amplitude for exciting frequency between 0.995 and 1.006),
the hard stop also provides a region of constant phase (see
phase for exciting frequency between 0.995 and 1.006).
Thus a plurality of mirrors 221 having varying resonant
frequencies m, can be driven synchronously by combdrive
actuators configured to have the same drnive frequency .
The phase 1n FIG. 6 1s between 20 and 40 degrees, not 90
degrees like in FIG. 4.

FI1G. 7 depicts a top view of an embodiment of a blocking
clement 704 used to limit a rotation of the shait 320. The
blocking element 704 can be referred to as a limiter. A first
blocking element 704-1 and a second blocking element
704-2 are on two sides of the shaft 320. As the shaft 320
rotates the shait 320 makes contact with the first blocking
clement 704-1, the second blocking element 704-2, or both
the first blocking element 704-1 and the second blocking
clement 704-2. A spring 708 1s formed in the blocking
clement 704 to reduce impact of the contact between the
shaft 320 and the blocking element 704.

FI1G. 8 depicts a simplified side view of an embodiment of
the shaft 320 contacting blocking eclements 704. As the
mirror 221 rotates, e.g., counter clockwise while looking at
the shatt 320, the shaft comes into contact with one or more
blocking elements 704. The blocking element 704 prevents
the shaft 320 from being able to continue to rotate, and thus
the mirror 221 1s also prevented from continuing to rotate.

FIG. 9 1s a further simplified side view of the embodiment
of the shaft 320 contacting the blocking element 704. The
shaft 320 1s shown 1n a rotated position; a neutral position of
the shatt 320 1s illustrated by a box with a dashed line. The
shaft can rotate plus and minus 0 degrees. In some embodi-
ments, 0 1s equal to or greater than 1, 35, or 10 degrees and
equal to or less than 20, 30, 40, or 45 degrees (e.g., 0 equals
15, 20, or 30 degrees). In some embodiments, 0 1s equal to
or less than 15, 20, or 30 degrees for faster scanning speed
and/or more robust mechanical stopping of the shatt 320 by
the blocking element 704.

The shait 320 has a width 904 and 1s separated from the
blocking element 704 by a gap 908, wherein the gap 908 1s
measured while the shaft 320 1s 1n a neutral position (e.g., a
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position that the shaft 320 1s in when first formed by
etching). In some embodiments the shait 320 1s rectangular.
In some embodiments, the width 904 of the shaft 320 1s
equal to or greater than 20, 30, or 40 microns and/or equal
to or less than 70, 90, or 100 microns (e.g., 45, 50, 55, or 60
microns). In some embodiments, the gap 908 1s equal to or
greater than 1, 5, or 10 microns wide and/or equal to or less
than 10, 20, or 30 microns wide (e.g., 5, 10, 13, or 20
microns wide).

FIG. 10 depicts a graph of phase and amplitude 1n relation
to an excitation frequency for an embodiment of an oscil-
lating mirror limited by rotation of the shaft 320 (e.g, by
using the blocking element 704). Blocking rotation of the
shaft 320 not only limits the amplitude (see constant ampli-
tude for exciting frequency between 0.989 and 1.009), 1t also
provides a region of constant phase (see phase for exciting
frequency between 0.989 and 1.009). Thus a plurality of
mirrors 221 having varying resonant ifrequencies m, can be
driven synchronously by combdrive actuators configured to
have the same drive frequency w. The phase 1mn FIG. 10 1s
between 20 and 40 degrees, not 90 degrees like 1n FIG. 4.

FIG. 11 depicts a simplified diagram of an embodiment
using magnetic repulsion to limit rotation of the mirror 221.
Magnets 1104 are used for magnetic repulsion. The magnets
1104 can be referred to as a limiter A first magnet 1104-1 1s
secured to the mirror 221 and a second magnet 1104-2 1s
secured to plate 504. Polanty of the first magnet 1104-1 1s
opposite of the second magnet 1104-2, so that the second
magnet 1104-2 repels the first magnet 1104-1 as the first
magnet 1104-1 1s brought closer to the second magnet
1104-2 as the mirror 221 rotates. Using magnetic repulsion
can help limit impact to on the plate 504 compared to using
a hard stop i FIG. 5.

FIG. 12 illustrates a tlowchart of an embodiment of a
process 1200 of manufacturing a device for use 1n a LiDAR
system. Process 1200 begins in step 1204 with etching a
waler to define a mirror support (e.g., mirror substrate 308).
The water can be a silicon-on-insulator (SOI) wafer, and
etching 1s etching a device layer of the SOI water. In step
1208, the water 1s etched (e.g., the device layer 1s etched) to
define a spring (e.g., spring 324). The water 1s etched to
define a shaft, wherein the shaft mechanically couples the
mirror support with the spring, step 1212. In step 1216, the
waler 1s etched to define rotors and stators (e.g., stator 332
and rotor 336 of actuator 304). The water 1s etched to define
a limiter, step 1220, wherein the limiter 1s configured to limait
a rotation of the shaft. For example, blocking element 704
with spring 708 of the blocking element 704 1s formed. Step
1204 through step 1220, or a subset of steps 1204 through
step 1220, can be performed concurrently (e.g., etching the
device layer of an SOI waler). In some embodiments,
process 1200 further comprises depositing material on the
mirror support to form a reflective surface (e.g., retflective
surface 312). The process 1200 can turther comprise depos-
iting ohmic material on stator and rotor fingers and/or
depositing electrical contacts to the stator and rotor. In some
embodiments, a limiter 1s formed 1n a handle portion of the
silicon substrate and/or the limiter 1s an extra comb as
described in conjunction with FIG. 14.

FIG. 13 illustrates a tlowchart of an embodiment of a
process 1300 of using a mirror array. Process 1300 beings in
step 1304 with rotating a plurality of mirrors 1n a synchro-
nized fashion. A light (e.g., a laser beam) 1s shuned on the
plurality of mirrors, step 1308. The plurality of mirrors
reflect the light as a single, larger mirror because the
plurality of mirrors are moving together (e.g., each mirror of
the plurality of mirrors 1s tilted at the same angle 1n time).
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In step 1316, movement of each mirror 1s partially blocked
(c.g., by plate 504, blocking element 704, magnets 1104,
and/or a lmiting electrode as described in FIG. 14). By
blocking movement of the mirrors, the mirrors rotate in a
nonlinear fashion and are able to be drniven by the same
driving frequency.

FIG. 14 depicts a simplified diagram of an embodiment
using electrostatic force (e.g., attraction) to limit rotation of
a mirror. FIG. 14 shows the mirror substrate 308, the
reflective surface 312, a dniving electrode 1404, and a
limiting electrode 1408 (sometimes referred to as a limiting
comb). The limiting electrode 1408 can be referred to as a
limiter. Fingers 1412 are formed 1n the mirror substrate 308.
The dniving electrode 1404 can repulse and/or attract the
fingers 1412 using electrostatic repulsion or attraction. An
AC signal 1s provided to the driving electrode 1404 to rotate
the mirror substrate 308. A DC signal 1s provided to the
limiting electrode. The limiting electrode 1408 i1s offset
vertically from the driving electrode 1404. The limiting
clectrode repulses the fingers 1412 of the mirror substrate
308. As the mirror substrate 308 rotates and the fingers 1412
approach the limiting electrode 1408, the fingers 1412 of the
mirror substrate 308 are attracted (or repulsed) by the
limiting electrode 1408, which decelerates rotation of the
mirror substrate 308. Interaction of the fingers 1412 with the
limiting electrode 1408 makes rotation of the mirror sub-
strate 308 nonlinear. Electrostatic force can be changed by
changing dimensions of the limiting electrode 1408, chang-
ing dimensions of the fingers 1412, and/or changing an
applied DC bias voltage.

FIG. 15 1s a graph of operation of a mirror converging to
two steady state modes while the driving frequency 1s equal
to a harmonic frequency of the mirror, for various initial
conditions. The excitation frequency f _ 1s equal to one.
Initial conditions include initial phase difference and 1nitial
amplitude of the mirror. For different initial conditions (e.g.,
start points), Applicant notes that the mirror system con-
verges to a first steady state 1504-1 or to a second steady
state 1504-2 of operation. The first steady state 1504-1 1s the
mirror rotating about 50 degrees out of phase with the
driving frequency. The second steady state 1504-2 1s driving
the mirror about 150 degrees out of phase with the dniving
frequency. The first steady state 1504-1 has a higher ampli-
tude than the second steady state 1504-2. Accordingly, in
some embodiments, the first steady state 1504-1 1s prefer-
able over the second steady state 1504-2, so that the mirror
can scan a wider field of view. The steady state 1504 that a
mirror will operate 1n 1s deterministic based on the initial
conditions of the mirror.

FIG. 16 1s a graph of operation of a mirror converging to
two steady state modes while the excitation frequency 1, 1s
not equal to one, for various 1nitial conditions. The driving,
frequency in FIG. 16 1s slightly off the harmonic frequency
of the mirror. For different initial conditions, Applicant notes
that the mirror system converges to a first steady state
1604-1 or to a second steady state 1604-2 of operation. The
first steady state 1604-1 1s driving the mirror about 50
degrees out of phase with the dnving frequency. The second
steady state 1604-2 1s driving the mirror about 150 degrees
out of phase of the driving frequency. The amplitude of the
first steady state 1604-1 in FIG. 16 1s about equal to the
amplitude of the first steady state 1504-1 1n FIG. 15. The
amplitude of the second steady state 1604-2 in FIG. 16 1s
much different than the amplitude of the second steady state
1504-2 in FIG. 15. Accordingly, in some embodiments

10

15

20

25

30

35

40

45

50

55

60

65

12

having an array of mirrors, operating each mirror 1n the first
steady state 1s preferable so that mirrors 1n the array have
similar amplitudes.

A line 1608 divides initial parameters that will converge
to the first steady state 1604-1 from imitial parameters that
will converge to the second steady state 1604-2. A system
starting with a first set of mnitial parameters (e.g., phase and
amplitude) below the line 1608 will converge to the first
steady state 1604-1. An area below the line 1608 can define
a set of phases that will converge to the first steady state
1604-1. The system starting with a second set of initial
parameters (e.g., phase and amplitude) above the line 1608
will converge to the second steady state 1604-2.

FIG. 17 1s a partial diagram of an embodiment of a mirror
system 1700. The mirror system 1700 comprises a mirror
221, which 1s a first mirror of an array of mirrors. The mirror
221 1s mechanically coupled with a spring 324. A comb
drive 1704 1s configured to move the mirror 221, the spring
324, or both the mirror and the spring. The comb drive 1704
comprises a stator 332 and a rotor 336. The mirror system
1700 further comprises a sensor 1708. The sensor 1s con-
figured to monitor rotation of the mirror 221 about the first
axis 222. Examples of sensors include a rotation sensor (e.g.,
attached to a shatt), an inertial sensor (e.g., on the mirror 221
or rotor 336); a strain sensor (e.g., configured to detect strain
in structures formed 1n the device layer of an SOI water as
the mirror moves); an optical sensor (e.g., a diode for
detecting reflections from the retlective surface 312, or
reflections from the mirror substrate 308, as the mirror 221
rotates); electromagnetic (e.g., a ferromagnetic material 1s
placed on mirror 221 and a Hall effect sensor 1s used to
measure magnetic field); capacitive sensing (e.g., measuring,
capacitance change between a rotating mirror 221 and a
stationary electrode); piezoelectric sensing (e.g., some
piezoelectric material on the shaft 320; rotation causes stress
in the shait, which creates a measureable voltage signal);
piezoresistive (e.g., measuring stress change 1n a material’s
resistance; material can be silicon so resistance of the shaft
320 can be directly measured); and an electrical sensor (e.g.,
a reed switch that closes a circuit as a magnet passes by).

The mirror system 1700 further comprises electronics
1712. The electronics are configured to provide a drive
signal to the comb drive 1704. The drive signal determines
how the rotor 336 is electromagnetically attracted and/or
repulsed by the stator 332. The electronics are also config-
ured to receive data from the sensor 1708. The electronics
1712 can use the data from the sensor 1708 to determine
whether the first mirror 1s out of sync with the second mirror.
For example, the first mirror could be operating in the
second steady state and the first mirror could be operating 1n
the first steady state. The electronics 1712 can determine the
first mirror 1s operating 1n the second steady state 1n various
ways. For example, the electronics could compare the data
from the first sensor to data from the second sensor to
determine the first mirror 1s out of sync with movement of
the second mirror based on the first data being different from
the second data; and/or the data from the sensor 1708 could
be compared to a voltage of the drive signal (e.g., comparing
the data to the voltage across time). In some embodiments,
it doesn’t really matter 1f the first mirror 1s operating 1n tﬁ_le
first steady state and the second mirror 1s operating in the
second steady state, or vice versa, to detect an error; all
mirrors could be reset to initial conditions based on an
indication that at least one mirror, or a threshold number of
mirrors (e.g., 5, 10, or 25% of mirrors 1n the array) are not
operating in the same steady state.
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The electronics 1712 are configured to alter the drive
signal so that a phase diflerence between the rotation of the
mirror 221 and the drive signal changes, so that the mirror
221 operates at a phase and/or amplitude that converges to
the first steady state of operation (e.g., drawing a line
vertically from above the line 1608 to below the line 1608
in FIG. 16; or sweeping a frequency change from high to low
or low to high until the mirror converges to the first steady
state). The electronics 1712 can use continued data from the
sensor 1708 to verily that operation of the mirror 221 1s at
the first steady state (e.g., that the first mirror 1s operating in
sync with the second mirror). The electronics 1712 can be
centralized for the array of mirrors (e.g., one processor) or
distributed (e.g., many processors, such as one processor per
Mmirror).

In some embodiments, the mirror system 1700 comprises
a limiter, separate from the comb drive (e.g., blocking
clement 704). In some embodiments, the comb drive 1704 1s
driven nonlinearly by the drive signal. As the mirror system
1700 1s driven nonlinearly, either by the drive signal or by
the use of a physical limiter, the mirror system 1700 can
have two steady state modes of operation.

FIG. 18 1llustrates a flowchart of an embodiment of a
process 1800 of using a non-linear system to synchronize
motion of a plurality of mirrors. Process 1800 begins 1n step
1804 with identifying a steady state of operation of a
mirror-spring system (e.g., identifying the first steady state
1504-1 or 1604-1 of the mirror system 1700). In step 1808,
an mitial phase, or an 1mitial set of phases, are 1dentified (e.g.,
determining the line 1608 1n FIG. 16 and initial phases
and/or corresponding amplitudes below the line 1608 that
will converge to the first steady state 1604-1), wherein
starting the system with the 1nitial phase, or phases of the set
of imitial phases, will cause the system to operate at the
steady state 1dentified 1n step 1804.

In step 1812, a first drive signal 1s applied to a first comb
drive, wherein the first drive signal starts to rotate the first
comb drive at the 1mitial phase, or one of the phases from the
set of nitial phases, 1dentified 1n step 1808. In step 1816, the
first comb drive 1s operated so that the first mirror converges
to rotate at the steady state identified 1n step 1804. In step
1820, a second drive signal 1s used to activate a second comb
drive, wherein the second drive signal starts to rotate the
second comb drive at the 1nitial phase, or one of the phases
from the set of 1nitial phases, 1dentified 1n step 1808. In step
1824, the second comb drive 1s operated so that the second
mirror converges to rotate at the steady state identified in
step 1804. Since the first mirror and the second mirror have
rotations that converge to the same steady state of operation,
the first mirror and second mirror rotate in sync. In some
embodiments, the first drive signal 1s similar to the second
drive signal (e.g., the same and/or the same plus or minus 1,
2, 5, or 10%) during steady state operation.

In certain embodiments, a method of using a non-linear
system to synchronize motion of a plurality of mirrors
comprises using a first combdrive actuator to move a first
mirror at an amplitude and a frequency; using a second
combdrive actuator to move a second mirror at the ampli-
tude and at the frequency of the first mirror so that the first
mirror and the second mirror move in a synchronized
motion, wherein the motion 1s non-linear having a first
stecady state of operation and a second steady state of
operation; and/or configuring the first mirror and the second
mirror to have starting parameters so that the first mirror and
the second mirror will both operate at the first steady state
ol operation.

10

15

20

25

30

35

40

45

50

55

60

65

14

If mirrors 1n an array get out of sync with each other (e.g.,
a jolt to the system), the actuators can be turned ofl, which
allows the mirrors to return to their mitial parameters. Then
the system can be restarted. The method in the preceding
paragraph may further comprise: determining that the first
mirror and the second mirror are out of sync; turning oif the
first combdrive actuator and the second combdrive actuator:
allowing the first mirror and the second mirror to return to
starting parameters; and/or turning on the first combdrive
actuator and the second combdrive actuator so that the first
mirror and the second mirror move in the synchronized
motion.

FIG. 19 depicts an embodiment of a mirror system
converging to a steady state of operation. The horizontal axis
1s time measured in milliseconds. FIG. 19 shows a drive
signal 1904 in relation to mirror position 1908. The vertical
axis 1s arbitrary voltage for the drive signal 1904 and
arbitrary position (displacement) for mirror position 1908.

From FIG. 19, 1t can be seen that the mirror position first
rotates at larger and varied amplitudes (e.g., time=38 to 56
milliseconds) before settling down to steady state operation
(e.g., time=500 milliseconds to 512 milliseconds, and
beyond).

The specific details of particular embodiments may be
combined in any suitable manner without departing from the
spirit and scope of embodiments of the mnvention. However,
other embodiments of the mvention may be directed to
specific embodiments relating to each individual aspect, or
specific combinations of these individual aspects.

Also, 1t 1s noted that the embodiments may be described
as a process which 1s depicted as a flowchart, a tlow
diagram, a data flow diagram, a structure diagram, or a block
diagram. Although a flowchart may describe the operations
as a sequential process, many of the operations can be
performed 1n parallel or concurrently. In addition, the order
of the operations may be re-arranged. A process 1s termi-
nated when 1ts operations are completed, but could have
additional steps not included 1n the figure. A process may
correspond to a method, a function, a procedure, a subrou-
tine, a subprogram, etc.

A recitation of “a”, “an”, or “the” 1s mtended to mean
“one or more” unless specifically indicated to the contrary.

All patents, patent applications, publications, and descrip-
tions mentioned here are incorporated by reference 1n their
entirety for all purposes. None 1s admitted to be prior art.

What 1s claimed 1s:

1. A device for beam steering in a Light Detection and
Ranging (LL1IDAR) system of an autonomous vehicle, the
device comprising:

a mirror;

a spring mechanically coupled with the mirror;

a combdrive actuator configured to move the mirror, the

spring, or both the mirror and the spring; and

a limiter configured to limit an angular rotational range of

motion of the mirror, wherein:

the mirror 1s part of the plurality of mirrors; and

the plurality of mirrors are synchronized to move
together in time based on the limiter limiting the
angular rotational range of motion of the mirror, so
that angular rotation of the plurality of mirrors 1n
time are the same.

2. The device of claim 1, wherein the mirror 1s formed as
part of a microelectromechanical system, and a reflective
surface of the mirror has a width equal to or less than 15
millimeters.
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3. The device of claim 1, wherein the limiter comprises a
hard stop configured to contact the mirror to prevent the
mirror from continued rotation about an axis.

4. The device of claim 3, wherein the hard stop 1s glass.

5. The device of claim 1, wherein the mirror comprises a
support and a retlective surface.

6. The device of claim 1, wherein the mirror 1s rectangu-
lar.

7. The device of claim 1, wherein the mirror 1s mechani-
cally coupled with the spring by a shatt.

8. The device of claim 7, wherein the shaft has a rectan-
gular cross section.

9. The device of claim 7, wherein the limiter comprises a
contact to limit an angular rotational range of motion of the
shaft to limit the angular rotational range of motion of the
mirror.

10. The device of claim 9, wherein the limiter comprises
a spring.

11. The device of claim 10, wherein the spring of the
limiter 1s configured to have a stifiness based on a mass of
the muirror.

12. The device of claim 1, wherein the combdrive actuator
comprises a plurality of stator fingers and a plurality of rotor
fingers.

13. The device of claim 1, wherein:

the limiter comprises a first set of magnets and a second

set of magnets;
the first set of magnets are positioned on a substrate;
the second set of magnets are positioned on the mirror;

and

the first set of magnets are oriented to repulse the second

set of magnets.

14. The device of claim 1, wherein the device 1s config-
ured as a scanning mirror 1n a LIDAR system.

15. The device of claim 1, wherein the device 1s a
microelectromechanical system (MEMS) device.

16. The device of claim 1, further comprising a plurality
of dnivers configured to move the plurality of mirrors,
wherein the plurality of drivers are configured to drive
mirrors of the plurality of mirrors at the same frequency.
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17. A method of using a mirror array, the method com-
prising: rotating a plurality of mirrors, wherein: rotating
comprises using a plurality of drivers operating at the same
frequency; and rotating the plurality of mirrors 1s performed
so that motion of the plurality of mirrors are synchromzed;
shining a laser beam at the plurality of mirrors; reflecting the
laser beam using the plurality of mirrors, so that the mirrors
act as a single mirror to reflect the laser beam; and partially
blocking rotational movement of each mirror of the plurality
of mirrors using a limiter at each mirror so that rotational
movement of each mirror 1s nonlinear, wherein the nonlinear
movement facilitates synchronization of movement of the
plurality of mirrors while driving the plurality of mirrors at
the same frequency.

18. The method of claim 17, wherein blocking rotational
movement of each mirror of the plurality of mirrors blocks
rotation of a shait used to move a mirror of the plurality of
mirrors and/or blocks rotation by physical contact with the
Mmirror.

19. The method of claim 17, wherein blocking movement
of each mirror of the plurality of mirrors 1s performed using
magnetic repulsion.

20. A method of manufacturing a device for use 1n a Light
Detection and Ranging (LiDAR) system, the method com-
prising:

ctching to define a mirror support;

ctching to define a spring;

ctching a shaft that mechanically couples the mirror

support with the spring;

etching rotors and stators of a driver, wherein the drniver

1s configured to move the shaft;

etching a limiter configured to limit a rotation range of the

shaft and limit an angular rotation range of the mirror
support to facilitate synchronization motion of the
mirror support with a plurality of mirrors, so that
angular rotation of the plurality of mirrors 1n time are
the same; and

coating at least a portion of the mirror support to create a

reflective surface on the mirror support.
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